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Abstract
Photoluminescence coupled with repetitive thermal annealing has been 
used to determine diffusion coefficients for intermixing in 1% zGag gAs /  GaAs 
and GaAs/Aio^Gao.gAs 100Â single quantum wells and to study the effects of 
doping with silicon and beryllium and of ion implantation on the 
interdiffusion. It has been shown that the diffusion obeys Pick's law and that 
doping concentrations of beryllium up to 2.5 x 10*® cm'^ and silicon up to 10*® 
cm'® have no effect on the interdiffusion coefficients in either material system.
For the InggGaogAs/GaAs system it was shown that following 
implantation and annealing there was a fast interdiffusion process which is 
independent of implant ion species and anneal temperature. This is thought 
to be due to recovery of the crystals from implant damage. After this rapid 
process, it was found that neither gallium nor krypton ions had any further 
effects on the interdiffusion. However, following arsenic implantation an 
additional enhanced region of interdiffusion coefficient was observed, with 
diffusion coefficients an order of magnitude greater than that of a control 
unimplanted sample. This enhancement is thought to be due to the creation 
of group m  vacancies by the implanted arsenic atoms moving onto group V 
sites. This fast process was transient in nature returning to that of the 
unimplanted samples after the well has broadened by about 85Â.
An activation energy for the diffusion process of 3.7 ± 0.1 eV was 
measured over a temperature range of 750-1050°C. This was found to be 
independent of implanted ion or dopant incorporated in the samples, 
indicating that the same process controls the interdiffusion in all cases. Similar 
results were found for the Ga As /  Alg gGag  ^As system.
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Chapter 1 
Introduction
When Laidig discovered (1) in 1980 that GaAs/AlAs quantum well 
heterostructures were unstable against zinc diffused from a surface source, this 
opened up the possibility of selectively disordering areas of a quantum well 
stack. In was soon realised that this technique could be used in the 
production of waveguides(2)(3) and semiconductor lasers(4), leading to the 
possibility of monolithic integration of optical, optoelectronic and electrical 
devices.
Much further research has been undertaken since these early 
discoveries, mostly in the latticed matched GaAs/AlGaAs system, including 
the effects of: diffusion of dopants, (such as silicon and zinc) from the surface; 
surface encapsulation ( with SiOg, Si^N  ^or proximity capping); uniform doping 
during growth using (silicon, beryllium and zinc) and the implantation of 
numerous ions including zinc, silicon, aluminium, arsenic, gallium, fluorine, 
oxygen, krypton and bromine. More recently, (with the improvement to the 
two major epitaxial growth techniques, molecular beam epitaxy (MBE) and 
metal-organic vapour phase epitaxy (MOVPE),) high quality non-lattice 
matched layers, under biaxial compression or tension, have been grown of 
both InP and GaAs substrates. The thermal stability of these hetrostructures 
has also be studied. However most of these experiments were designed to 
show the feasibility of using interdiffusion to produced working devices and
only a small amount of quantitative work has been published investigating the 
processes that control diffusion in III-V semiconductors.
This thesis presents the results of experiments on the thermal 
interdiffusion of GaAs/AlGaAs and InGaAs/GaAs single quantum well 
structures, the effects of silicon and beryllium doping and the influence of ion 
implantation of gallium, arsenic and krypton. In this chapter a review of the 
important results of thermal interdiffusion in both systems is given. The 
apparent effects of ion implantation and doping are reviewed, including 
comment on the different techniques used to quantify interdiffusion in 
quantum well systems. Chapter two describes the experimental techniques and 
equipment used in this work. Chapter three describes the theoretical basis of 
the model used to obtain diffusion coefficients from the experimental data 
collected. The experimental results and discussion of these are given in chapter 
four and five respectively. Finally the conclusions drawn from this study and 
suggestions for further work are presented in chapter six.
1.1 Growth of GaAs based materials.
In the 1960's high quality single crystal, gallium arsenide was grown for 
the first time on a commercial basis by Czochralski liquid encapsulation 
process (5). GaAs is a direct bandgap semiconductor having many advantages 
over the conventional silicon technology, with the possibility of use in the 
production of light emitting diodes, semiconductor diode lasers and many
other optoelectronic devices, as well as offering enhanced speed for electronic 
devices.
The development of epitaxial growth, (for details see Semiconductor 
and Semimetals, V22, Lightwave Communication Technology Part A: Ed W. 
T. Tsang 1985 (6)), enabled layers of other III-V materials to be grown on GaAs 
substrates. The first of these alloys was aluminium gallium arsenide (AlGaAs). 
Al^Gaj.xAs has roughly the same lattice constant, (lattice matched) as GaAs (see 
figure 1.1) so no strain is induced in GaAs/AlGaAs hetrostructures. The 
bandgap can be varied from 1.43 eV to 2.15 eV at 300K by selecting the 
appropriate aluminium mole fraction concentration, x. Advances in material 
growth technology enabled, InGaAs and GaAsSb with lattice parameters 
significantly different from that of GaAs to be grown on GaAs substrates. It 
was found that InGaAs and GaAsSb layers grown by this method are forced 
to take on the in plane substrate lattice constant but tetragonally distorts in the 
growth direction figure 1.2, producing biaxial strain in the semiconductor. 
However, if the layer thickness is greater than a value called the "critical 
thickness", dependent on the strain in the semiconductor, then misfit 
dislocations will form in the interface regions between the layers in order to 
relieve the strain, degrading the quality of the material. The critical thickness 
can be estimated as the width of the layer when the energy needed to form 
dislocations becomes less than the strain energy released when the material 
relaxes. Several attempts have been made to measure the critical thickness in 
for example (7) in the InGaAs/GaAs material system. Also several authors 
have tried to estimate the maximum thickness for different material systems
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Figure 1.2. A schematic diagram of an InGaAs layer grown 
pseudomorphically on GaAs. The InGaAs layer takes the in-plane lattice 
constant of the substrate and is tetragonally distorted in the growth 
direction.
by modelling the various energies involved (8) (9).
The presence of biaxial strain in III-V semiconductors produces some 
very useful effects on their bandstructure. Firstly, compressive and tensile 
strain can be used to increase or decrease the bandgap, so the semiconductor 
may be tailored for a particular application. Furthermore, the valence band 
becomes anisotropic, being light hole like in the plane of the wafer and heavy 
hole like in the growth direction, in the case of compressive strain. This opens 
up interesting possibilities for example of production of high speed 
complementary logic circuits, using the enhanced transport behaviour of the 
light hole. The changes in the band profiles is also beneficial in opto-electronics 
devices such as strained layer lasers. The physics of strained materials is 
beyond the scope of this thesis but has been be discussed in detail by others 
(10).
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1.2 Methods of quantifying interdiffusion in semiconductor hefyostructures.
Many different methods have been employed to study the thermal 
interdiffusion of III-V semiconductor interfaces. The first study of 
interdiffusion was attempted by Chang and Koma in 1976 (11). Sputter Auger 
profiling was used to study a sample consisting of a 1550Â layer of AlAs 
between two layers of GaAs grown by MBE. The samples were annealed at 
992°C for a range of times up to 14 hours. For short times it was not possible 
to measure a diffusion coefficient due to the limited resolution of the 
technique. However, when significant mixing occurred, it was possible to fit
the measured profiles to an error function profile (12). A reasonable but not 
perfect fit was obtained, so the results were reanalysed using a Boltzmann- 
Matano method which assumes that the diffusion coefficients is dependent on 
the aluminium concentration of the alloy. This produced a better fit to the 
data. Using this method over a small range of anneal temperatures an 
activation energy of 4.3 - 0.7x eV was measured, where x is the aluminium 
concentration of the alloy.
It is possible however that the differences of the measured profile to 
that of the error function, may be due to errors inherent in the technique used 
rather than a genuine compositional dependence. Firstly, since sputtering was 
used, the primary beam tends to mix the material before the atoms are 
sputtered from the surface, also the measured Auger electron signal may be 
emitted from a finite distance from the surface region. Both of these limit the 
resolution of the technique to greater than 100Â. In this experiment a sample 
with a relatively thick layer (1550Â) was used, enabling this technique, with 
limitations, to be employed. Nevertheless, since most quantum well devices 
have layer thickness of 100A or less, indeed in strained layer structures, the 
materials themselves set limits on the layer thicknesses. Thus, this technique 
is of limited use to quantify interdiffusion in these samples due to it's poor 
resolution.
SIMS (Secondary Ion Mass Spectrometery) is the method most widely 
used to study interdiffusion. The main advantages of SIMS is that it can be 
used to look at the depth dependence of intermixing. This is particularly
useful with ion implanted or selectively doped samples. In these samples SIMS 
allows the movement of implanted ions or dopants to be studied, as well as 
measuring interdiffusion coefficients. This enables possible correlation between 
the two to be noted.
However, most of the studies using SIMS are non-quantitative. A typical 
example of this type of experiment was undertaken by E. A. Dodisz et al (13) 
in 1986, in which silicon and aluminium ions were implanted into 
GaAs/AlGaAs multiquantum well structures. After annealing the silicon 
implanted samples were found to have interdiffused more than for the 
aluminium implant. SIMS has also been used successfully to produce 
quantitative data on interdiffusion by Venkatesan et al at Bell Communication 
(14). By measuring the atom count ratio between valley and peak, they defined 
a parameter 2(Dt)^^  ^which is a combination of the interface broadening and 
the additional SIMS mixing. The major draw back of SIMS as a tool to 
quantify interdiffusion is that in samples where the lattice composition varies 
with depth, such as in MQW's, large errors can occur since the sputtering rates 
and ion yield for the different materials can differ significantly. Errors can also 
occur since SIMS is better at measuring small amounts of impurities in a 
lattice, than the levels of the lattice constituents themselves. Also the resolution 
is limited by the mixing due to the primary (sputtering) ion beam.
A third technique widely used is transmission electron microscopy 
(TEM) but again as a quantitative tool it is also of limited use. Although it's 
resolution is very high, it is difficult measure changes in material
concentrations using this technique. Moreover, since only small areas of the 
samples are studied, errors due to local effect may be possible. In addition, 
sample preparation is difficult and time consuming. Finally, as in the case of 
SIMS, TEM is destructive so the evolution of diffusion with time on the same 
sample is impossible. However TEM is very useful when used in conjunction 
with other methods to study microscopic material quality and defect density 
during anneal cycles. Such results can be used to help to understand the 
mechanisms of interdiffusion.
Finally various optical techniques have been used to quantify 
interdiffusion including photoluminescence (PL), photoluminescence excitation 
(PLE), photoabsorbtion (PA), catholuminesence (CL) and photo pumped laser 
measurements. These in principle are all very similar techniques, where the 
quantised energy levels of the diffused quantum wells are measured using the 
optical technique. A model is then used, that assumes something about the 
interdiffused well shape after annealing, to convert these to a characteristic 
diffusion length. For example Schlesinger and Kuech (15) use 
photoluminescence to measure the n = 1 electron level to n = 1 heavy hole 
level transition of four different quantum weUs of different thickness in 
GaAs /  AlgjCagjAs systems by assuming that during annealing Pick's law is 
obeyed and the profile across the well is given by
C (x , fc) = 0 . 7  + 0 . 1 5 Q j . f  \  + e r f  {  \\ 2m)  U v^ j. ( 1 )
where 2h is the well width prior to annealing, t is the anneal time, z is the 
position in the well in the growth direction, where z = 0 at the well centre, and 
D is the diffusion length. Using the bandstructure equations for the 
semiconductor system, the valence and conduction band profiles can be 
calculated. Then, using a simple method, the Schrodinger equation is solved 
for the n = 1, electron and heavy hole levels, thus the transition energy can be 
calculated. These result are then compared with the measured energy levels 
to determine the diffusion lengths.
This technique has many advantages over those already described. 
Firstly, since the technique is non destructive, several consecutive anneals and 
measurements can be completed on the same sample so the diffusion process 
can be followed with time. Also in practise the resolution of the technique is 
only limited by the accuracy of the model assumed. The main limitation of this 
technique is that since it is optical, if the sample is damaged by implantation 
or is of low material quality cause by poor growth or heavy doping it will not 
luminesce. Technique such as PL and PLE cannot be used until the material 
quality is improved by annealing although it may be possible to measure the 
transition energy by photoabsorption or photoreflection techniques. Another 
drawback of this technique is that only the transition energy levels is 
measured so some assumption of the diffusion process and the well shape 
after annealing has to be made to calculate the degree of intermixing whereas 
for SIMS the actual profile of the atoms is measured within the limits of the 
technique.
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1.3 Diffusion of as grown AlGaAs/GaAs material and the effects of 
encapsulant technologies.
The self diffusion of gallium in gallium arsenide has been studied by 
a number of groups including Goldstein et al (16) and Palfrey et al (17). In 
both experiments similar measurement techniques were used. Radioactive 
gallium (% a) was evaporated onto the surface of the gallium arsenide 
samples, these were annealed in sealed quartz ampoules with a piece of 
arsenic producing overpressures of 0.75 atm and 0.9 atm in the Palfrey and 
Goldstein studies respectively. After annealing the concentration of radioactive 
gallium was profiled using an anodic oxidation technique, followed by oxide 
dissolution to remove thin (approx 250Â) layers from the surface of the wafer. 
The number of % a  atoms present in the stripped layer was then counted 
using a scintillation counter. By repeating this process the concentration of % a  
in the layer can be measured as a function of depth. However, the resolution 
is limited by the width of the anodic oxide layers removed, approximately 
250Â. It was found that the profiles measured could be fitted to Gaussians 
and/or error functions and thus diffusion coefficients were estimated. The 
diffusion coefficients were measured over a small temperature (approx 100°C) 
ranges and the results were used to obtain activation energies 5,6 eV and 2.6 
eV for the diffusion process by Goldstein and Palfrey respectively. These 
results were summarised in a paper published by Tan and Gosele (18). This 
paper also included data for Al-Ga interdiffusion in GaAs/AlGaAs 
superlattices under intrinsic conditions measured by Petroff et al (19), Fleming 
et al (20), Cibert et al (21) and Schlesinger et al (15). They also presented the
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interdiffusion data derived from the results of Mei et al (22) reanalysed to take 
account of the effects of doping density, using their Fermi level model, 
discussed later in this review. An activation energy of 6 eV for the %a/^^Ga 
and Al/Ga interdiffusion process was found to produce an excellent fit to all 
this data. In a later publication. Tan and Gosele (23) present data on the 
interdiffusion of gallium in a %aAs/^^GaAs superlattice structure measured 
using SIMS. This paper also discusses the results of the studies of Chang and 
Koma (11) and Lee et al (24) measuring the Ga/Al interdiffusion. In this case 
an activation energy of 4 eV was derived. Tan and Gosele noted this 
discrepancy, but made no attempt to explain it.
When gallium arsenide is annealed at temperatures above 
approximately 635°C it decomposes, with arsenic atoms preferentially 
evaporating from the surface, this is found to degrade the optical and electrical 
properties of the semiconductor (25).
Many different methods have 
been used to protect the surface during annealing including: the deposition of 
dielectric films (such as SiOg, Si^N  ^and WN^ by sputtering chemical vapour 
deposition (CVD) or plasma enhanced chemical vapour deposition (PECVD)); 
proximity capping (annealing with the surfaces in contact with other GaAs 
wafers) and finally, annealing in sealed quartz ampoules or growth reactors 
with either gallium or arsenic overpressures. The wide variety of capping 
technologies and their relative effectiveness may be the main reason for large 
variations in the measured diffusion coefficients observed.
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In a study on the effects of annealing of GaAs under different caps, 
Mosado Kuzakara (26) used SIMS to examine gallium outdiffusion into SiO^Ny 
films. The refractive indices were measured to determine the percentage of 
oxygen present in the caps. It was found that a change in refractive index of 
the encapsulants from 1.45 (corresponding to SiOg) to 2.01 (corresponding to 
SiNJ produced a reduction in gallium outdiffusion of 10^ Moreover, only 
relatively small changes in outdiffusion were noted for caps with refractive 
indices above 1.9. Also no evidence of silicon indiffusion from any of the caps 
was observed.
Allen et al in 1991 (27), found that both SiOg and Si^N  ^ capping 
produces enhanced intermixing when compared with a WN^ cap, with the SiOg 
producing the greatest intermixing, as measured using SIMS. Silicon 
indiffusion from the cap was discovered for both SiOg and Si^N  ^ and this 
silicon diffusion front has been correlated to the intermixing of A1 and Ga. The 
differences in enhancement of interdiffusion found between SiOg and SigN  ^was 
attributed to the injection of group III vacancies from the SiOg cap which they 
claim is not seen for SigN^ . No mention is made of the refractive index of the 
SigN^  film so it is not known how much oxygen is contained in the cap or if 
the cap was removed before SIMS profiles were taken. This is important since 
the primary ion beam may drive silicon in from the cap into the 
semiconductor and this could be interpreted as silicon in-diffusion from the 
cap.
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Guido et al (28) also noted that when a SiOg cap was used, large 
enhancements in the diffusion length were found, compared to when either an 
arsenic overpressure or a SigN  ^ cap were used. In his work the activation 
energies of the interdiffusion with the two encapsulants were 3.42 and 3.61 eV 
for SiOg and SigN  ^respectively both deposited by CVD. However, with arsenic 
overpressure annealing an activation energy of 4.74 eV was measured. These 
differences could be due to errors, since the activation energy was measured 
over a small temperature range, (75°C), in this experiment. Furthermore, by 
use of TEM and optical investigations of shallow angle bevelled cross sections, 
of the samples after annealing, pin holes in the SiOg caps were found with 
localised "spots" of interdiffused material under these. The authors claim that 
these "spots" were caused by silicon in-diffusion from the cap. However they 
attributed the non-localised differences in the measured diffusion coefficients 
to the injection of vacancies from the surface which was greater for the SiOg 
cap, than for the SigN  ^ cap. In addition, for uncapped samples sealed in 
ampoules with various arsenic overpressures, it was found that the diffusion 
coefficients varied greatly, exhibiting a minimum in the vicinity of one 
atmosphere of As .^ However, the measured diffusion coefficients were almost 
an order of magnitude greater than those measured with SigN^  capped 
samples.
Similar effects were seen by Hsieh et al in 1989 (29), they found that by 
varying the Ga or As overpressures in sealed ampoules they could affect the 
measured diffusion coefficients. They measured the activation energy over a 
small temperature range, 850°C to 950°C and determined activation energies
14
of 6.2 eV, 4.38 eV and 4 eV for arsenic, gallium and no overpressures 
respectively. This effect was also found in experiments undertaken by Olmsted 
et al in 1991 (30), who measured a two orders of magnitude change in the 
diffusion coefficients for different overpressure with a local minimum at an 
As4 overpressure of approximately 0.5 atmospheres. This compares with the 
results of Guido et al (31) and Hsieh et al (29) who found a similar local 
minima under As - rich conditions of 0.1 and 0.5 atmospheres respectively. 
The position of the minima was slightly different from study to study, 
however all of them fall within a factor of five changes in arsenic pressure. In 
the same comparative study it is noted that the results of Furuya et al (32) 
measure diffusion coefficients almost a factor of ten less than those measured 
by Olmsted for the same temperature and conditions.
Finally Koteles et al (33), used AlGaAs/GaAs single and coupled double 
quantum wells structures to study the effect of annealing on both uncapped 
and SiOg capped samples. Large enhancement of the photoluminescence peak 
shifts was found for the SiOg capped samples over the uncapped material. 
Also, it was observed that the diffusion coefficients depend on the AlGaAs 
overlayer thickness, with the thinnest overlayer producing the greatest 
enhancement in photoluminescence shift. The variation in diffusion coefficient 
with depth was studied using a coupled double quantum well structure. This 
consists of two identical quantum wells grown with only a thin separating 
barrier so that the quantum wavefunction of the two wells overlap, thus 
coupling and splitting the quantised energy levels. The quantised energy levels 
and the oscillator strengths of the exciton transitions are very sensitive to
15
symmetry of this structure. Using this structure it was simple to observe that 
the symmetry of the system was broken by one well diffusing faster than the 
other since it is closer to the surface, thus displaying that the diffusion 
coefficients varied with distance from the surface. The results observed are 
consistent with outdiffusion of gallium atoms into the SiOg, producing group 
m  vacancies.
1.4 Effect of doping on the interdiffusion of AlGaAs/GaAs quantum wells.
A great deal of work has also been published in an attempt to quantify 
the effects of impurity induced layer disordering (IILD) since it was first 
discovered by Laidig (1) in 1980. In this study it was found that zinc diffused 
from a surface source compromised the thermal stability of a AlAs/GaAs 
quantum well structure with complete interdiffusion of the layers observed at 
anneal temperatures as low as 600°C. However, as quantitative measurements, 
experiments of this type are of no use, since the concentration of the impurity 
in the quantum well region cannot be known or controlled during the anneal, 
(these levels can be as high as 10^ ® to 10^  ^cm'^), more importantly the diffusion 
length Ld cannot be measured. Also, the effect of impurity diffusion fronts on 
layer interdiffusion is unknown. Ion implantation of dopants has also been 
widely used to study IILD (34). This has the important advantage over 
diffusion from the surface, that the concentration of the impurity can be 
carefully controlled. However, the effect of damage caused by the implantation 
is not fully understood and the implanted atoms may diffuse as in the case of 
zinc and beryllium producing diffusion fronts further complicating the
16
diffusion process. It is thus difficult to deconvolute the effect of the damage 
and the effects of the impurity, on the interdiffusion process.
The best method of investigating the effect of dopants on the 
interdiffusion is to compare samples with different, uniform, controlled 
concentrations of dopants incorporated during growth, through the whole 
structure. This eliminates the effects of impurity diffusion fronts and implant 
damage. Most of the studies published have used silicon as a dopant, however 
other n and p type dopants have been used, including beryllium, carbon, 
selenium and tellurium. Many of the results reported contradict each other.
A group including Mei and Schwarz have published many papers on 
the subject of IILD, mostly with silicon doping (22) (35) but also with other 
dopants such as tellurium (36). The experimental techniques used in all these 
publications are all very similar. A multiple quantum weU structure usually 
AlAs/GaAs was used, grown by MBE. During the growth a staircase-like Si 
doping profile was introduced, in two separate sets of sample the doping 
concentration is varied from 10^  ^to 10^ ° atoms/cm^. The plateaux are 2000Â, 
(five periods), wide. These samples were designed so that under the annealing 
conditions used the silicon concentration at the centre of the plateau remains 
constant. The samples were annealed in a Hg:Ar atmosphere with the face of 
the sample in contact with an undoped GaAs wafer, (proximity annealing), at 
a range of temperatures between 650°C to 750°C. Anneal times were chosen to 
give significant but not complete mixing. Silicon and aluminium profiles are 
measured using SIMS, and TEM cross-sections were also studied. An
17
activation energy of 4.1 eV for the gallium/aluminium interdiffusion was 
measured, moreover for doping in the range of 10^  ^to 10^ cm'^ the diffusion 
coefficient was measured and found to vary as approximately the third power 
of electron (doping) concentration. Dislocation loops have been observed in 
TEM pictures of the samples doped to 10^  ^cm‘^  where the diffusion coefficients 
are greatest. In higher silicon doped regions, the aluminium diffusion 
decreases and a high density of defect clusters are observed; segregation of 
silicon into the GaAs layers was also noted. More importantly an enhancement 
in the aluminium/gallium interdiffusion coefficient was found for silicon 
concentrations as low as 10^  ^cm ^ . These experiments have been repeated with 
the order of the doping densities plateaus reversed so that any surface effects 
maybe eliminated and similar results were found.
Tan and Gosele (18), by reanalysing the data from the experiments of 
Mei (22) and other authors, have derived an activation energy of 6eV for the 
interdiffusion and have suggested that the diffusion is controlled by triply 
negatively charged Ga vacancies under both intrinsic and n doped conditions. 
They presented a model for the silicon enhanced disordering, proposing that 
the change in the Fermi level due to the presence of the dopants, increases the 
point defect level concentration, which enhances the interdiffusion. They have 
expanded this model to produce a universal theory for all n and p type 
dopants by considering the effects of dopant diffusion (37).
In analogous experiments as described previously, Mei's group 
extended their studies to the effect of tellurium doped AlAs/GaAs, in this case
18
an activation energy of 3.0 eV was measured over the temperature range of 
800°C to 1G00®C. Moreover the gallium/aluminium interdiffusion coefficient 
was found to be proportional to the square of doping concentration. As 
tellurium and silicon are both n-type dopants in gallium arsenide they should 
induce a similar Fermi level effect for both. Tan and Gosele (37) explained 
these differences by postulating that not all the tellurium atoms were activated 
during annealing due to effects such as cluster formation while for the silicon 
doped superlattices all silicon atoms were activated, so explaining differences 
in activation energies for the diffusion process. Kahen (38) used a two 
dimensional Monte Carlo simulation to fit to the tellurium doped data of Mei 
et al. The species controlling the diffusion process was calculated to be in this 
case singly charged gallium vacancies
Mitsuo Kawabe et al (39) using Auger profiling also studied the effect 
of uniform silicon doping on the intermixing. It was found that with a doping 
density of 10^ * cm'^ a diffusion coefficient of 3 x 10'^  ^ cm^/sec at 650°C was 
measured, which is much higher than other authors have recorded for 
undoped superlattices. To study the effect of doping, micrographs of shallow- 
angle cross sections of a superlattice, which consisted of layers with different 
doping densities, were taken after annealing at 800°C for two hours. The 
sample consists of five pairs of AlAs/GaAs layers with the same doping, 
separated, from the next doped region by five undoped superlattices. The 
doping densities included in the structure were 10^  ^7 x 10^ ®, 4 x 10^ ® and 10^ ® 
cm'®. It was found that for the doping level of 10^ ® and all undoped layers, no 
measurable interdiffusion occurs. For 4 x 10^ ® cm'® some disordering occurs.
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though the superlattice was not completely disordered; above this level 
complete disordering was noted. Although this experiment was not 
quantitative it shows difference results from those of Mei, who observed 
enhanced interdiffusion for samples silicon doped to concentrations as low as 
10^  ^ cm ®. These difference were also noted by Mitra (40) as part of a larger 
study of the effect of vacancy injection. Rapid thermal annealing, at 900”C for 
20 minutes, using proximity annealing in flowing nitrogen, was shown to have 
no effect on the interdiffusion coefficient, for samples doped with 5 x 10^ ® cm'® 
silicon, over that of undoped samples.
Major et al (41) investigated the effects of doping using a series of 
semiconductor laser structures, the first two being uniformly doped with either 
carbon (p type) or selenium (n type). A third sample was doped with carbon 
in the confining layer and a selenium doped active region and the final sample 
was doped in the same way but the doping order being reversed with the 
confining layer doped with selenium and active layers doped with carbon. In 
all cases the doping density was of 2 x 10^ ® atoms/cm®. These sample were 
annealed at 1000°C for 10 minutes, under several different caps. Under a SigN  ^
cap diffusion coefficients of 3.2, 5.8, 5.7 and 2.3 x 10'^ ® cm^/s were measured 
using SIMS for the four samples respectively. Moreover activation energies 
taken over a very small temperature range, 100°C, varied from 1.5 to 3.0 eV 
depending on the doping and encapsulant, (510% or Si^N )^ used. However, 
since this temperature range was small these values could be very inaccurate. 
The authors interpreted the results as an enhancement by n type doping and 
suppression by p type doping, this enhancement /  suppression was also
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dependent on the encapsulant used and they developed a model to support 
these results. However, as all these diffusion coefficients, for example in the 
case of the Si^N  ^only vary by less than a factor of three, it is difficult to say 
if any enhancement occurs especially since no undoped "control" sample was 
included in the study.
Narithiko Kamata (42) looked at the effect of beryllium doping and 
growth temperature on interdiffusion in AlAs/GaAs MQWs, with the doping 
being introduced into the barrier layers only. Using SIMS, it was found that 
mixing during growth was dependent on the growth temperature and on the 
beryllium doping level. It was found that for each growth temperature, there 
was a different doping concentration, N^ t^, which caused the thermal stability 
of the layers to be compromised. This varied between 2x10^^ and 8 x 10^ ® cm ® 
depending on substrate temperature. Post annealing at 750°C was found to 
cause little further interdiffusion for a doping density less than 3 x 10^  ^cm ®. 
Moveover, above this density the diffusion only occurred in the early stages 
of the anneals with little difference in the measured diffusion length between 
the sample annealed for 10 minutes and 2 hours. This suggests that any 
enhancement maybe to due to defects introduced during growth which anneal 
out at these higher anneal temperatures and is not due to the dopant. These 
results agree with those of Kawabe (39), who reported on samples heat treated 
at 750°C for 2 hours. It was found that interdiffusion was unaffected for 
beryllium doping densities of 2 x 10^ ® cm ® or less, and only partially enhanced 
for doping levels of 4 x 10^  ^ cm ® or greater.
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Both these sets of results on beryllium doping also seem to disprove the 
Fermi level model proposed by Tan and Gôsele. The majority of authors, noted 
above, seem to find that silicon doping densities below 5 x 10^ ® cm ®, with the 
exception of Mei et al, do not seem to effect the mixing process. Despite this, 
the model of Tan and Gosele seems to be widely accepted as the standard 
explanation for IILD, with their papers being widely referenced, usually in the 
non-quantitative mixing papers of the type discussed earlier.
The result of experiments on the effects of doping on interdiffusion 
coefficients have been frequently conflicting. Many models have been 
proposed to interpret the processes controlling the interdiffusion, including the 
Sica - Vca complexes (43), silicon pair model (44), complex model
(40), Vacancy ring and twin ring models (45), 2D Monto Carlo simulations 
controlled by V (38) and the Fermi level model (37) which try to explain 
enhancement, on a microscopic scale. None of these theories however have 
been able to explain all the data, or even a large percentage of it. This may be 
due in part to the wide variation in the results obtained by different workers.
1.5 Effect of ion implantation, species, energy and mass on the interdiffusion 
of GaAs/AlGaAs heterostructures.
The effect of implantation of impurities on disordering of quantum 
wells have also been extensively studied, using many different ions, including 
dopants (such as zinc, silicon, beryllium), constituent atoms (such as gallium, 
arsenic, aluminium) and other atoms (such as krypton, fluorine, oxygen and
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bromine) under many different annealing schedules. However, these studies, 
as in those of the effects of dopants on interdiffusion, are flawed due to the 
difficulty in separating the effects on impurity enhanced layer disordering 
from the effects of the damage produced by the ion beam and thus come to 
contradictory conclusions. In this section ion implantation of dopants such as 
silicon and beryllium will not be reviewed in detail, however the effects of the 
implant of lattice constituents and other non-dopant atoms will be discussed.
The first studies of ion implantation and thermal annealing of III-V 
semiconductor hetrostructures was completed by Coleman et al, using siÜcon 
(46) and zinc (47). However, in these studies the sole observation was that 
after ion implantation and thermal processing the areas that had been 
implanted had interdiffused but those areas protected with a surface mask 
during implantation retained their original layer structure. Most of thé studies 
in this subject are similar, coming to same limited conclusions. However, some 
more extensive comparative studies have been undertaken. In 1988 Mei et al 
(48) compared the effects of implanting a number of ions including gallium, 
arsenic, germanium and silicon on an AlAs/GaAs superlattice grown by MBE. 
All implants were performed at room temperature and to a dose of 10^  ^cm'®, 
with the beam energy being varied for the different implant species, so that 
the peaks of the implanted ion profiles were kept constant at 1500Â, in the 
well region. After implantation, anneals were performed at 850°C, for 3 and 
6 hours, using proximity capping. After annealing the diffusion profiles were 
then measured using SIMS. The results were compared with a model (49) of 
cascade mixing. Good agreement with the model was found for the gallium
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and arsenic implants, with the mixed region being confined to the implanted 
region and the measured diffusion lengths saturated with increasing anneal 
times, pointing to a collisionally induced mixing process only. In contrast, the 
silicon and germanium implanted samples exhibited a two stage diffusion 
process. Firstly, the diffusion was enhanced by a damage related process, as 
in the arsenic and gallium implants. The extent of the interdiffusion due to the 
germanium implant was greater than that for the silicon implant due to it's 
larger mass and thus the implant damage produced. However for these 
implants a second effect was observed, with a further increase in the measured 
diffusion lengths for longer anneal times. The range of the mixed region was 
found to be deeper and was correlated to the impurity diffusion front. The 
germanium implants producing diffusion over a greater depth but the degree 
of Al/Ga interdiffusion being less than that of silicon implanted samples. This 
second diffusion region was attributed to impurity enhanced diffusion.
Another extensive study of mass and dose dependence of ion 
implantation induced intermixing of GaAs/ AlGaAs quantum wells was under 
taken by Leier (50). In this study SIMS and PL were used to investigate the 
interdiffusion of single quantum wells after implantation with gallium, zinc, 
argon, magnesium, neon, helium, sulphur and silicon ions for a number of 
different doses. Annealing was completed under Si^N  ^ caps in sealed 
ampoules. After annealing the extent of interdiffusion was measured using 
photoluminescence coupled with a standard error function model. SIMS was 
also used to study the effect of high dose implants on interdiffusion. All 
implants, except those of silicon and sulphur displayed similar dose
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dependence, for doses between 10^ ® and 10^ ® cm ®. It was suggested that the 
result could be described by ion implantation damage in conjunction with a 
simple model that correlates the implantation damage with the number of 
defects produced. This observation was supported by results from temperature 
dependent studies on gallium implants, with diffusion occurring even at low 
temperatures, however recovery of the optical quality of the material was only 
observed for relatively high temperatures, above 800°C. SIMS was also used 
to study the effects of high dose implants of argon, silicon and sulphur into 
a GaAs/ AlGaAs multi-quantum well structure. It was found that intermixing 
was much greater for the silicon and sulphur implants than for argon. These 
differences cannot be explained by the simple cascade mixing model. 
However, in this study only one anneal was completed on each sample, so the 
diffusion coefficient cannot be followed with time, thus it is difficult to 
attribute mechanisms to the diffusion process. Similar results were found by 
Gavrilovic et al (34), who studied the effects of implantation of a lattice 
constituent, an inert atom and the electrically active impurities zinc, sulphur 
and silicon.
Gallium ions have also been used widely in ion implantation enhanced 
diffusion studies of GaAs/GaAlAs structures. Gallium implantation is 
particularly useful as a processing technology since it uses a liquid metal as 
a source of ions, producing a very stable ion beam. Gallium implantation is 
thus used extensively as the implant species in focused ion beam (FIB) 
technology. This technique can be used in direct beam writing, enabling 
implantation of features less than lOOnm to be produced without use of a
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mask. If this technology could be married with that of IILD, it would be 
possible to create passive and active optoelectronic devices on planar quantum 
well structures, using implants and anneals only, without the use of masks 
and etching.
The first interdiffusion study using gallium implantation using FIB was 
completed by Hirayama et al (51) in 1985 and (52) in 1989. In the early work 
the possibility of the technique was demonstrated by the use of PL, TEM and 
catholuminesence (CL). Samples were annealed at 750°C under a SigN  ^PECVD 
cap for number of different times up to 100 seconds and the shifts in PL peak 
were recorded, however this evolution was not followed as a function of 
anneal time on a single sample. The measured PL shifts were plotted against 
the square root of anneal time for implant doses of 10^ ® and 10^  ^ cm ®. This 
showed that quantum well could be selectively interdiffused using gallium 
implantation and annealing. PL and CL were also used to investigate the 
transition region between the implanted and unimplanted areas, these were 
found to be less than a micron in width. In a later, more extensive study (52), 
PL and Auger electron signal depth profiling were used to study samples 
implanted with doses between 10^ ® and 10^ ® cm®. Variations in diffusion 
coefficient with dose were discovered, in the low dose region (< 3 X 10^ ®) and 
the diffusion coefficient squared was found to be proportional to dose. For the 
high dose region (< 10^ ®), the diffusion coefficient squared was found to be 
proportional to dose to the power 1.5. It was proposed that the diffusion was 
controlled for the low dose implants by the defects introduced by implantation 
and ion implantation disturbing the stoichiometry. For the high dose regions
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the dominant mechanism was collisionally induced mixing. In an attempt to 
investigate the mechanisms controlling interdiffusion further experiments 
where undertaken, including dual implants of arsenic and gallium and single 
implants of arsenic. It was found that the behaviour of gallium and arsenic 
implanted samples were similar, however the arsenic implants produced 
slightly greater diffusion coefficients. The situation with the dual implants was 
slightly different with the order of implants affecting the results; when the 
gallium was implanted second it seemed to retard diffusion.
Lauruelle et al (53) also studied interdiffusion of GaAs/AlGaAs 
quantum wells, after implantation with gallium using a focused ion beam 
system. This technique was used to produce quantum wires in a sample 
consisting of five SQW; at different distances from the surface. After 
implantation and annealing at 900°C for 60 seconds, wires as narrow as 800 Â, 
up to 2000 Â below the surface were produced. Also a correlation between the 
damage caused by the ion beam (implant dose and energy) and the diffusion 
length was found.
Cibert (21) in 1986 studied gallium implantation for doses between 5 x 
10^ ® and 5x10^® cm ® using a beam with an energy of 210 keV and employing 
a photoresist mask to produce patterning. After annealing at 950®C using 
proximity caps, CL measurements and an error function model were used to 
produce a plot of diffusion length against the square root of anneal time. 
However again the process was not followed on a single sample. Interdiffusion 
only occurred in the first 10 or 20 seconds of the anneal, after this the
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measured diffusion length does not increase any further. It was thought that 
this initial movement was due to defects, vacancies and interstitial atoms, 
created by the implantation process, which were then annealed out in the first 
few seconds of the anneal. It was also noted that the luminescence intensity 
after annealing returns to that of the unimplanted samples, showing that the 
semiconductor recovers from the effect of the implant damage.
In a recent paper View (54) using low temperature PL came to similar 
conclusions as Hirayama and Cibert. It was found that interdiffusion occurred 
only in the initial stages of the anneal cycle at 760°C. It was also concluded 
that the implantation process was controlled by damage effects with the 
enhancement in interdiffusion produced being transient in nature. In this study 
a multiquantum well structure was used which confuses the results since the 
luminescence comes from all the wells which have been mixed to different 
degrees due to the variations in the damage and ion concentrations profiles 
produced by the implant. The dose dependence of the interdiffusion was also 
studied and exhibits a two stage process. For low doses, the implant dose was 
found to be proportional to diffusions length to the power 0.2 and for the 
higher doses there was a region proportional to diffusion length to the power 
of 0.5. This compares with the result given above of Hirayama and Leier, who 
measured were similar power dependence relationships of 0.5 and 0.3 for the 
low does regime and 0.75 and 0.7 for the high doses region respectively.
The effect of another lattices constituent which has not been studied to 
the same extent as gallium is aluminium. However, since both these are from
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the same group in the periodic table, it might be expected to give the same or 
similar results. Kash (55) in 1988 studied the effects of aluminium implantation 
as a function of implant dose, using a sample consisting of two single 
quantum wells of different widths, at different depths from the surface. The 
energy of the implants were controlled so that the implant profiles were 
centred at the upper and lower wells, using energies of 75 and 300 keV 
respectively. This enabled the effects of implant damage and implanted species 
to be separated to some extent, since the damage profile due to the implant 
was centred closer to the surface than the implant profile. Annealing was 
carried out in a furnace at 800°C or using a RTA system at 925°C. The 
diffusion lengths were measured by using PL and a model based on the error 
function. Again, as in the case of gallium implantation, the annealing 
behaviour was found to be transient, implying a damage controlled process, 
with 15 minutes or 2 hours anneals at 800°C and 20 or 40 seconds anneals at 
925°C; all producing a similar measured diffusion length. The dependence of 
implant dose on interdiffusion length was found to be similar to that for the 
gallium implants reported in the studies described above. It would seem from 
these results that the same process controls interdiffusion in gallium and 
aluminium implanted samples. However, since aluminium has a lower mass 
the ion range is approximately 2.5 times greater than that of gallium for the 
same implant energy, so can be used to interdiffuse layers further from the 
surface.
Another lattice constituent used to study the effects of ion implantation 
on enhanced diffusion is arsenic, though again this is less studied than gallium
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implantation. It is suggested that during implantation the implanted arsenic 
ions produce vacancies and other defects (56) that are thought to enhance the 
interdiffusion on the group III, Ga/Al, sublattice; in a similar way as the 
outdiffusion of gallium into silicon dioxide caps. Moreover since ion 
implantation is more controllable, this technique could be use to selectively 
interdiffuse parts of multiquantum well structures. One study of the effect of 
arsenic implantation was undertaken by Elman et al (56) in 1989. They 
implanted low energy, 35 keV, arsenic ions with for a number of different 
doses between 5 x 10^ ® and 5x10^® atoms/cm®. The samples consist of a series 
of wells, the narrowest well nearest the surface. Implants were also made into 
a second sample with the order of the wells reversed enabling any effects of 
well thickness or surface proximity to be detected. The low implant energy 
was used in order that the ions were not directly implanted into the quantum 
wells but into the overlayer region. After implantation the samples were 
annealing at 950°C for 15 seconds using a proximity annealing technique. The 
diffusion was followed by observing the shift in PL and PLE signals. 
Significant enhancement in interdiffusion was found for all wells. These results 
are similar to those found if a SiOg encapsulant was used. However, since the 
results were not modeled it is difficult to compare the shift of the different 
wells since the effect of quantum confinement is not taken into account. 
Despite being non-quantitative in these results demonstrate that this technique 
deserves further investigation. Nevertheless, several different authors, as part 
of comparative studies (48) and (50), noted no enhancement in arsenic 
implants over gallium or krypton after implantation into the quantum well 
region.
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1.6 Interdiffusion of the InGaAs/GaAs system.
There are far fewer studies of the interdiffusion of the strained, 
InGaAs/GaAs system than in GaAs/AlGaAs quantum wells structures. 
However the nature and quality of the work is similar, with many authors 
repeating their work in this material system. The first reported study was 
again undertaken by Laidig et al in 1983 (59), who studied the effects of 
diffusion of zinc from a surface source, ZnAsg in sealed ampoules. This was 
found to compromise the thermal stability of the structure even at low 
temperatures; as in the case of GaAs/AlGaAs. One hour anneals at 615°C 
caused partial interdiffusion and annealing at 680°C for the same time caused 
the periodic nature of the structure to disappear completely. As in Laidig's 
work on GaAs/AlAs no attempt was made to quantify the process.
The first quantitative measurements of In/Ga interdiffusion were 
undertaken by Joucour et al (60) using a double crystal X-ray rocking curve 
measurements in 1985. Anneals were carried out on a ten period superlattices, 
using proximity capping in flowing nitrogen at 850®C with anneal times upto 
71 hours. Three different samples with indium concentrations varying between 
13.5% and 15.5 % were annealed. Assuming an error function shape for the 
indium profile after annealing, similar to that of Chang et al (11) for the 
GaAs/AlGaAs system, the intensities of the satellite X-ray were modeled to 
produce diffusion coefficients of the indium/  gallium interdiffusion. These 
were found to be in the region of 0.8 to 2 x 10'^ ® cm®s"\ as the anneal time was 
varied between 15 and 71 hours. Moreover, small variations were also
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observed between samples with different percentage indium concentrations. 
However these difference are more likely to be due to measurement error, 
since the process was difficult and time consuming, than to any real 
differences.
A group from the University of Micliigan containing Kothiyal, 
Bhattacharya and Seo have published several papers on the interdiffusion of 
Ino53Gao,47As/Ina52Alo.48As (61) and In^Ga^.^As/GaAs (62) with indium 
compositions, x, of 0,2 and 0.24. They used photoluminescence and 
photoabsorption to measure the n = 1 electron to the heavy hole transition 
energies and a model similar to that of Schlesinger (15) to estimate the 
diffusion coefficients. Anneals were carried out under proximity capping in 
flowing argon, using a tungsten-halogen lamp system, for a range of anneal 
temperatures from 850°C to 950°C and times from 5 to 25 seconds. The 
diffusion coefficient were found to be three orders of magnitude greater than 
those of Joucour, for the same temperature and an activation energy of 1.2 eV 
was measured for the process over a 100°C temperature range. The 
discrepancies in the results between these two studies were attributed to 
defects which were not annealed out by the RTA annealing schedule used in 
these studies. It is also noted that the PL line width and the Stokes shift 
reduced after annealing indicating the optical quality of the material had 
improved. However, annealing at higher temperatures degraded the material's 
optical quality.
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Using photoluminescence Elman et al (63) studied the effect of heat 
treatment on 60Â L\Gai.^As/GaAs single quantum wells with indium 
composition, x, varying between 0,1 and 0.5; layers with x > 0.3 exceed the 
critical thickness for the system. All anneals were carried out at 825°C for 30 
minutes, using a proximity cap. No attempt was made to convert the 
measured photoluminescence peak shifts into diffusion lengths; nevertheless 
the results seem to indicate recovery of strain relaxation in the partially relaxed 
X = 0.3 structure. The photoluminescence intensity for this well was found to 
increase and a decrease in line width was also noted, this was attributed to 
annealing out of low concentrations of defects present due to partial relaxation 
and subsequent increase in strain in the well. However, even after annealing, 
the material was found to be of poor optical quality compared to those with 
X values less than 0.25.
Kolbas et al (64) published results of a comparative study between 
GaAs/AlGaAs and InGaAs/GaAs material systems. The effects on 
interdiffusion of different arsenic, gallium and indium overpressure in sealed 
ampoules were studied. Photoluminescence was used to measure the diffusion 
coefficients, by modelling the n  = 1 electron to heavy hole transition, assuming 
an error function shaped well after annealing. It was found that arsenic 
overpressure suppressed and gallium overpressure enhanced the interdiffusion 
of both systems. In the GaAs/InGaAs system, a dependence of the diffusion 
coefficient on initial indium concentration in the well was observed with the 
samples with the higher indium concentration diffusing faster than those with 
lower concentrations, this effect was not observed in the GaAs/AlGaAs
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system. It was also noted that if indium overpressure was substituted for 
gallium overpressure the same general trends were observed, although the 
indium overpressure was slightly less efficient in suppressing the 
interdiffusion in the GaAs/AlGaAs samples. The results were attributed to a 
reduction in the formation of group HI vacancies as the group III vapour 
pressure, during annealing, was increased. The interdiffusion of aluminium in 
GaAs/AlGaAs was found to be approximately an order of magnitude less than 
that of indium in the InGaAs/GaAs system. The activation energies for the 
interdiffusion processes were measured over a small temperature range of 
approximately 100°C. In the case of the In^Ga^.^As/ GaAs well the activation 
energies vary slightly with indium concentration but for x = 0.15, with an 
arsenic overpressure, no overpressure and gallium overpressure were 3.3 eV, 
2.2 eV and 1.6 eV respectively. The equivalent measured activation energies 
for GaAs/AloLsiGao^çAs system were measured as 6.2 eV, 4.4 eV and 4 eV 
respectively.
In another repeat of a study first undertaken in GaAs/ AlGaAs, Kotales 
et al (65) implanted arsenic at low energy so that the implant was well above 
the InGaAs/GaAs quantum wells. Using a sample containing five wells of 
different thickness at different distances from the surface, it was found that 
after rapid thermal annealing an enhancement in the diffusion of indium and 
gallium was found for all wells, not just the well nearest the surface. In the 
experiments for the GaAs/AlGaAs quantum well structure, as noted earlier, 
similar results were observed. The results in both sets set of experiments were 
explained by assuming that during annealing the implanted excess arsenic
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atoms move onto group V lattice sites, for this to occur the crystal has to 
expand and thus create group III vacancies, which are thought to enhance the 
interdiffusion on the group III, Ga/Al or G a/In sublattice. However in this 
study the distance of the wells from the surface and thus from the peak of the 
implant profile was not given nor was any attempt made to quantify the 
results.
W.F. Gillin et al (96) at the University of Surrey have developed a 
method of using photoluminescence and repetitive annealing to measured the 
interdiffusion in in /V  semiconductors. By assuming that the diffusion obeys 
Pick's law, they were able to determine the diffusion length as a function of 
time for a given anneal temperature. Therefore by plotting the square of the 
diffusion length (L®^ ) against the anneal time they were able to determine if 
their initial assumptions were correct. Also, the interdiffusion coefficients for 
intermixing (D) could be calculated with increased accuracy since the 
measurement was averaged over a larger data set. In this paper the 
interdiffusion of InGaAs/GaAs single quantum well was studied as a function 
of depth in a series of samples with different well widths and indium 
concentrations. They found that the depth from the surface was correlated to 
an enhancement in the diffusion coefficients, with the greatest diffusion 
coefficients being measured for the wells closest to the surfaces. However, the 
activation energy for the diffusion process measured over a limited 
temperature range, was found to be independent of depth, being measured as
3.0 ±0.3 eV. It was suggested that the diffusion was controlled by the group 
in  vacancies injected from the semiconductor/encapsulant interface. This is the
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method used throughout this thesis since it allows the diffusion to be followed 
with time. For example this method enables the effects of implanted damage 
on interdiffusion to be separated from that of the intrinsic diffusion process.
1.7 Conclusions of the literature review.
As is noted from the above review there is no consensus on the effects 
of doping and ion implantation on the interdiffusion of GaAs based UI-V 
quantum well structures. Moreover the effectiveness of different capping 
methods has not been properly quantified. However in this study it was 
decided to use a plasma assisted silicon nitride cap since it seems the best 
method of preventing preferential outdiffusion of gallium from the surface 
(26), thus creating of group III vacancies. Proximity annealing and use of 
overpressures in sealed ampoule has been widely used. However it was 
thought that results from proximity annealed samples were too unpredictable 
and also annealing in ampoules is not suited to the RTA method we have 
used. Photoluminescence linked to a Pick's law model was used to measure 
the interdiffusion coefficients and this was thought to be by far the best 
technique to quantify interdiffusion in III-V semiconductors. Moreover, since 
a method of consecutive anneals and photoluminescence measurement was 
used, the problem noted earlier for studies that use only a single anneal and 
photoluminescence measurement are mostly overcome, since the model for the 
wells shapes (Pick's lawj*^can be shown to be correct.
Using thiîî method it has b æ n  shown (96) (hat diffusion did not depend on the ■
initial indium concentration in InGaAs/GaAs quantum wells.
36
Tlie effects of silicon doping in AlGaAs/GaAs and silicon and beryllium 
doping in InGaAs/GaAs single quantum wells are investigated. In all cases the 
samples are uniformly doped from the buffer layer to the surface and 
comparisons are made between the two systems. The effects of ion 
implantation and implant damage on interdiffusion were also investigated in 
both material system. Implants of the lattice constituents gallium and arsenic 
are investigated. These results are compared with an unimplanted control and 
samples implanted with krypton, in the InGaAs/GaAs system. In all cases 
repetitive annealing and photoluminescence measurements were employed in 
conjunction with a model, based on a Pick's law diffusion process, to calculate 
the diffusion length. Thus the evolution of the diffusion coefficient can be 
followed as a function of anneal time. This method is particularly useful for 
implanted samples as the variation of diffusion coefficient can be followed as 
the wafer recovers from implant damage.
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Chapter 2 
Experimental method and procedures
As noted in the previous chapter a technique of repeated annealing and 
photoluminescence measurements, preformed on the same sample is used, so 
that the diffusion process can be followed as a function of anneal time. In this 
section a brief overview of the experimental method is given. Each piece of 
equipment used is then described in more detail.
The samples were all grown by molecular beam epitaxy (MBE). If the 
sample was doped then the impurity was introduced from 5000Â below the 
well up to the surface of the wafer. After growth some of the samples were 
implanted, with the implant energy adjusted so that the implant profile was 
centred in the quantum well region. All samples were then capped on both 
back and front surfaces with PECVD SigN .^ Individual samples (approximately 
5 x 5  mm) were then annealed in a double graphite strip annealer before 
photoluminescence spectra were recorded at 80 Kelvin in a continuous flow 
cryostat. The process was repeated several times for each sample in order that 
the mixing process could be followed as a function of anneal time.
2.1 Growth and structure of starting material
The samples in this study were grown by molecular beam epitaxy 
(MBE), mostly at the DRA (Malvern) and the remainder at the University of 
Sheffield. The samples from DRA (Malvern) were grown using a Vacuum
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Generators V80H reactor on (100) orientated GaAs substrates. The substrate 
temperature during growth was found to be important in controlling the 
optical quality of the material. Moreover for high growth temperatures 
significant indium desorption occurs in InGaAs (66), so that the indium 
concentration of the layer grown will be less that expected. Optical pyrometry 
was used to monitor the temperature which is calibrated against the sharp 
C(4x4) to C(4x2) transition in the surface reconstruction, monitored using 
reflection high energy electron diffraction (RHEED). This transition (TJ occurs 
at 530°C at the 5:1 arsenic to gallium ratio used throughout this work. For the 
samples used in this study the GaAs was grown at T^  + 49°C, the InGaAs at 
Tt - 10°C and AlGaAs at T, + 105°C, the wells being grown at the optimum 
temperature for that material, with the temperature being ramped up or down 
during the growth of the barriers. A growth rate of approximately one 
monolayer per second was used for the well region, enabling accurate control 
of well widths. In this study single quantum wells in both InogGag^As/GaAs 
and GaAs/Alo^Gag^As systems were grown. Firstly a buffer layer of epitaxial 
quality gallium arsenide was grown on the substrate, then a 5000Â thick 
barrier layer, a 100Â wide well, then a 1000Â upper barrier. In the case of the 
GaAs/AlGaAs system a further 500Â of GaAs is grown to protect the upper 
AlGaAs barrier which otherwise oxidises on contact with the air. For the 
doped samples the dopant was uniformly introduced from 5000Â below the 
well up to the surface. The structure of the samples from the University of 
Sheffield were the same, grown using the same gallium/arsenic ratio and 
substrate temperatures
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2.2 Implantation of samples.
Ion implantation is a technique in which fast moving positively charged 
ions are directly injected into a material. It offers precise control of the 
concentration and depth of the implanted layer. In addition, the technique is 
very reproducible and can be used for introducing impurities into selected 
areas by masking procedures and varying the implant energy. However, the 
collisional nature of the ion implantation makes it a violent technique, thus 
introducing disorder and radiation damage.
When an accelerated ion enters a solid it suffers multiple collisions with 
the host atoms. This causes the implanted particle to be deflected in a random 
direction depending on the nature of the collisions incurred. Via this process 
the implanted ions lose momentum by electronic and nuclear interactions. 
When the implanted ion energy falls below approximately 20eV, the ion is 
trapped by the solid (67) and any subsequent motion is due to thermal 
diffusion. The final depth of the implanted ion is dependent on the mass and 
atomic number of the target and implanted ions, the ion energy and the 
crystallinity of the target. If the target is amorphous, the ion are stopped by a 
random process, and the distribution of the implanted ions can be 
approximated to a Gaussian shape (68). This distribution is characterised by 
the average projected range, Rp, and the standard deviation of the range, ARp. 
A number of calculations (69) (70) (71) exist that estimate both Rp and ARp, for 
a given ion species. In this work, a computer program SUSPRE (72), was used
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for estimating Rp and ARp. The impurity concentration N(x) at a depth x from 
the surface when implanted with atoms/cm% is given by:
N { x )  -  ----- — — exp
\/2 7 tA R p 2A J?| ( 2 )
In single crystal targets the ion range and implant profile can be quite 
different because the target atoms are regularly spaced and the ions can travel 
distances greater that Rp, if they are directed along one of the major 
crystallographic axis. In such a case the implant ion can be steered by the 
potential walls created by the rows or planes of the lattice atoms. This 
phenomenon is called channelling (73). The channelled ions suffer a lower rate 
of energy loss, since the dominant mechanism for energy loss is electronic 
collisions. Nuclear collisions can then only occur with interstitial atoms or 
defect centres in the crystal. The final distribution is characterised by an 
extended tail to the gaussian profile found for amorphous materials. Most of 
the effects of channelling may be avoided by tilting the target sample with 
respect to the beam in a non-channelling direction so that the target appears 
amorphous. In this study the wafers were tilted, so the normal to the wafer 
made an angle of 7° to the ion beam, thus reducing the effect of channelling 
to a minimum.
All implants in this study were completed on the 500 kV accelerator at 
the University of Surrey, a systematic diagram of the accelerator is shown in 
figure 2.1. This accelerator uses a Nielsen type gas source, held at a high DC 
voltage, linked to a small resistively heated oven in which the source material
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Figure 2.1 Schematic diagram of the 500 KeV implanter, at the University of 
Surrey.
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was placed. The ion beam was extracted from the source through an aperture 
held at a negative DC voltage and then focused by an Einzel lens (74). After 
this the ions were accelerated in the acceleration tube which has a voltage 
gradient built along it by means of a chain of resistors. The high energy ion 
beam was passed through a sector magnet. This deflects the beam through 90 
degree such that particles having the same momentum move along the same 
radius. Having separated the beam into different masses the beam was passed 
through a slit, the slit width being adjusted so that only ions of the desired 
mass can pass through. Varying the current to the electro-magnet for a set 
beam energy allows the desired ion mass to be selected and the spectrum of 
species in the beam to be studied. After the ion species required was selected 
the beam was raster scanned using two sawtooth waveforms applied to a set 
of X and Y electrostatic scanning plates. This ensures that the beam fully scans 
across the aperture placed in front of the sample. Also the frequencies of the 
scanning waveforms were selected so that the beam was scanned uniformly 
over the total area of the aperture. A DC voltage was also applied on the X 
axis electrostatic plates, to eliminate dose errors due to fast neutrals. These are 
produced by ions capturing electrons from residual air particles without much 
loss in velocity due to inelastic charge exchange collisions. These neutrals 
contribute to the implant but are not registered. Also, being neutral, they are 
not scanned by the raster, resulting in a possible localised very high dose spot. 
By deflecting the beam electrostatically after the magnet and adjusting the 
magnet current to realign the ion beam and since the neutrals are not deflected 
by the electrostatic voltage, they miss the aperture and are not implanted. The
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electrostatic deflection plates are placed as near to the target as possible to 
reduce the effect of neutrals as much as possible.
The beam current was monitored by displaying the current between the 
sample and earth on a microammeter. The current displayed was used to set 
up the implant conditions and also to monitor the stability of the beam during 
the implants. A current integrator was used to measure the implanted dose, 
with the beam being automatically shut off, by a pneumatically operated 
gatevalve, when the total charge recorded reaches a preset level, corresponding 
to the required dose. A suppression voltage of -300 volts was applied to a 
suppression plate, a cylindrical aperture between the beam defining aperture 
and the target. The negative voltage repels the secondary electrons back onto 
the sample and minimises the dose error. In addition, the input impedance of 
the beam monitoring circuit was kept as low as possible to avoid build up of 
charge on the target surface leading to possible dose errors.
2.3 Encapsulation
In order to prevent arsenic loss during annealing (25) the surface is 
capped with a thin layer of dielectric Si^N .^ In this work the Si^N  ^encapsulant 
was grown at 300°C by plasma enhanced chemical vapour deposition (PECVD) 
using a Plasma Technology system.
Silicon nitride is formed in the reaction between silane and ammonia 
3SiH^+4HN^-*Si^N^+12H2 ( 3 )
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This reaction, if not plasma assisted, needs a temperature of approximately 
700°C to proceed at a usable rate. At this temperature some interdiffusion can 
occur. However, with plasma enhancement, the deposition temperature can be 
reduced to 300°C. Prior to encapsulation the samples were first cleaned in 
hydrofluoric acid and then immediately deposited with Si^N  ^with 500Â on the 
front surface first, then 1000Â on the back. Before deposition, calibration layers 
were grown on silicon and their refractive index and thicknesses measured 
using a simple ellipsometer. A refractive index of 1.9 to 2.1 was thought to 
satisfactory after the study of Kuzakara et al (26). Test caps were also 
deposited on semi-insulated GaAs and annealed at 950°C for 10 seconds. The 
caps were then visually checked for evidence of pinholes or other defects. 
Electrical measurements were made on some of these samples to determine if 
the GaAs becomes conducting either through silicon indiffusion from the cap 
or type conversion of the substrate. One of the mixing samples was also 
studied using SIMS after annealing at 1000°C for 5 minutes; no evidence of 
silicon indiffusion was observed.
2.4 Annealing
In this work most of the anneals were carried out in a double graphite 
strip annealer (DGSA) (75). However, conventional furnace annealing was 
used for some of the lower anneal temperatures. The DGSA (figure 2.2) 
consists of two resistively heated graphite strips between which the sample 
was placed. The temperature being monitored using an Ircon Mode 3 dual 
colour pyrometer, this produces a DC voltage proportional to the temperature
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Figure 2.2 Schematic diagram of the double graphite strip annealer.
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measured. This voltage was compared with a preset reference voltage using 
a comparative amplifier, whose output was used to control the transformer 
supplying power to the graphite strips. The manufacturer is quoted accuracy 
for the pyrometer is given as 1% of full scale, in this case ±16°C. However the 
annealing system was regularly calibrated against the melting points of gold 
and silver wire, placed in the same position as the samples were placed during 
annealing, and was always found to within ±5°C.
The ramp phases of the DGSA are short with a rise time of 3 seconds 
from 700°C to 1000°C and a fall time of 5 seconds over the same temperature 
range. Thus anneal times as short as 10 seconds can be attempted without 
significant effects due to the ramp phases. Before annealing the chamber was 
evacuated to 10'^  torr and then back filled with nitrogen. The anneal times 
were measured as the time from when the pyrometer indicates the set 
temperature to when the power to the strips were switched off. In order to 
reduce the scatter on the results of the repetitive anneals and 
photoluminescence measurements a full set of data was obtained at a given 
temperature before the furnace temperature was reset. Averaging over many 
data points from a single sample improves the accuracy with which the value 
of the diffusion coefficients can be determined. Moreover, errors caused, for 
example by implant damage transiently enhancing the intermixing can be 
identified. This is not possible if only one measurement were made.
The longer, low temperature anneals, were made in a conventional 3 
inch tube furnace, under nitrogen gas flowing at a rate of 2 litres per minute.
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The anneal temperature being preset with the use of a thermocouple, again 
calibrated against the known melting points of several metals and was found 
to be within ±5°C. Using this technique the shortest anneal made was 30 
minutes, since the temperature profile of the ramp phases were not known and 
shorter anneal times could incur significant errors.
2.5 Photoluminescence.
Photoluminescence is a well known and widely used technique to study 
the optical properties and the effects of defects centres in semiconductors, for 
example, the study of defect centres in gallium arsenide (76). The experimental 
setup used in this study is schematically shown in figure 2.3. The 
luminescence was excited using the green 514.5 nm line from a Spectra Physics 
2025 continuous wave argon ion laser; usually using a beam power of lOOmW. 
The laser beam was then passed through an optical chopper, which modulates 
the beam at 330 Hz, a reference signal from which was fed in to a lock-in 
amplifier. The laser beam was passed through an interference filter to remove 
the laser plasma lines. The beam was then semi focused on to the sample, held 
at 80K in an Oxford Instruments CF1204 continuous flow cryostat. The sample 
being angled so that the direct reflection of the laser is not collected by the 
collimating lens. The luminescence from the sample was collimated before 
being focused onto the slits of a Spex 1704 1 meter grating spectrometer. The 
slit width used in these experiments was varied, depending on the intensity 
of the luminescence from the sample, but in most cases 500 [xm was used, 
giving a resolution of approximately 8Â, equating to approximately 1 meV in
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Figure 2.3 Schematic diagram of the photoluminescence experiment.
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the wavelength range of interest. The output from the spectrometer was 
detected using an Applied Detector Corporation Model 403 liquid nitrogen 
cooled Ge PIN diode, linked to a EG&G lock-in amplifier.
The data was collected using software, written in the Microsoft 
Quickbasic language, run on a personal computer. The computer regulates the 
temperature controller, spectrometer driver and data acquisition from the lock- 
in amplifier via an IEEE-488 bus.
The spectra collected ! were corrected for the response of the system,
mainly the efficiencies of the optical grating and detector. This was done by 
recording the spectra from a tungsten halogen lamp placed in front of the 
entrance slits of the spectrometer, for the full range of the detector. Assuming 
the lamp to be a perfect black body, Planck's law determines the spectral 
distribution Wg^ :
where h is Planck's constant, c is the speed of light, k is boltzmann's constant, 
T is the temperature of the lamps filament and X in the wavelength. The 
spectrum collected was compared (figure 2.4) to the curve derived from 
Planck's law. From this a correction factor was calculated by dividing the 
system response by the Planck derived curve. The correction curve is shown 
in figure 2.5. The sample spectrum can be corrected by multiplying each point 
by the correction factor at that wavelength held in the computer's memory.
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Figure 2.4 A comparison between the measured system response to a 
tungsten lamp, using a liquid nitrogen cooled Ge PIN and lju,m grating with 
the curve expected from a Planck derived emission spectrum.
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Figure 2.5 The correction curve for a liquid nitrogen cooled Ge PIN and 
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Chapter 3 
Model used to measure interdiffusion.
In the previous chapter a description was given of how the 
photoluminescence shifts versus anneal time were recorded. However, to be 
useful on a physical level, these shifts have to be converted to diffusion 
lengths. In order to realise this, some assumption of the process controlling the 
evolution of the well shape after interdiffusion has to be made. Many authors 
(15) (24) have assumed that Pick's second law is obeyed. For diffusion in one 
dimension, the crystal growth direction, assuming that the diffusion coefficient 
is constant. Pick's can be written as:
where C is concentration, t is time and z is distance in the growth direction
For the case of an InGaAs single quantum well with infinitely thick 
GaAs barriers, an analytical solution for the concentration profile (12) in the 
growth direction in the growth direction C(z) is given by
c i z )  = c .A erf I ^ U e r f  1 ^ ' ' ( 6 )
were is the initial indium concentration, 2h is the well width, z is the 
distance in the growth direction, with z = 0 at the well centre, and =
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2(Dt)^^  ^ is the diffusion length, where t is the anneal time and D is the 
diffusion coefficient. This solution to Pick's law is adequate if the well is 
separated from the surface by & 3Lp or a second source of indium atoms by 
a: 6Ld, conditions which were satisfied in these experiments. This solution is 
also valid for the AlGaAs/GaAs system except in this case the aluminium 
diffuses from the barrier into the well, not from the well into the barrier, as 
indium does in the InGaAs/GaAs structures. The evolution of the well shape 
for diffusion lengths of 30Â, 60Â and 120Â for the InGaAs/GaAs system is 
shown is figure 3.1.
Once the interdiffused well shape was determined, the conduction and 
valence bands profiles can be calculated from an empirical relationship 
between the band gap Eg and the concentration x.
Por h\Gai.xAs the relationship obtained by Lambkin (77) from 
photoluminescence of strained single quantum wells:
Eg. = 1 . 5 1 6  -  1 . 2 1 4 % + 0 . 264%2 ( 7 )
was used.
Por Al^Gai,^As we used the relationship obtained by Bosio (78) also 
determined from photoluminescence of single quantum wells:
Eg  = 1 . 5 1 6  + 1 . 3 6 % + 0 . 22%2 ( 8 )
The band offset ratio taken in all cases is assumed to be 60:40 (79). The 
electron effective mass was calculated using a linear extrapolation between the
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Figure 3.1 The evolution of the well shape of a 100Â Ing^GaggAs/GaAs 
square well, for diffusion lengths of 30Â, 60Â and 120Â.
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value for GaAs (0.067) and InAs (0.023) or Al As (0.150) for the InGaAs/GaAs 
and GaAs/AlGaAs systems respectively (80). The heavy hole effective mass 
was taken to be 0.62 in all cases. No account was taken of the effect of the 
exciton binding energy on the transition energy. However since this is found 
(81) to vary by less that 3eV in InGaAs/GaAs quantum well over the range of 
composition and well widths used, any effect in this work can be ignored. A 
schematic diagram of the evolution of the transition energy with diffusion 
length is shown in figure 3.2.
Consequently, when the band structure profiles for the diffused well 
have been determined, the Schrodinger equation can be solved to find the n 
= 1 confined levels for both conduction and valence bands. The one­
dimensional time independent Schrodinger equation is
8/7771^  dz^ i)r = Ei|f (9)
where, for the conduction band, m is the electron or hole effective mass at the 
conduction band minima, z is the distance in the growth direction, W is the 
electron wave function, V is the potential seen by the electrons or holes and 
E is the electron or hole confinement energy. For a square single quantum well 
this can be solved using a simple numerical method. However for diffused, 
non square wells, a numerical shooting technique has to be used to calculate 
the confinement energies E.
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Figure 3.2 The band structure and quantised energy levels of a 100Â 
In^oGaogAs for an undiffused quantum well and for diffusion lengths of 30Â, 
60A and 120Â.
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The confined energy level is calculated by dividing the potential across 
the diffused well into a number of points. It is apparent that the eigenfunction 
for the confined energy levels should be symmetric about z = 0 and the 
potential profile is also symmetric. This simplifies the calculation since it only 
has to carried out for the range z & 0, also for the n = 1 level, from quantum 
theory, at z = 0 the values of dW /dz = 0 and W can be assumed to be any non 
zero value. Assuming an initial value for the energy level, E = 0, the value of 
W is calculated for the potential across the well, since the assumed energy level 
is obviously too small the value of W will diverge away from zero to +oo at 
large values of z. The assumed energy level is then increased by AE, in our 
case 10 meV and the calculation repeated. The procedure is continued until the 
wavefunction diverges in the opposite direction. AE is then set to -AE/2 and 
W calculated until the direction of divergences changes again. This procedure 
is reiterate until the energy step, AE, becomes less that 0.1 meV, which is better 
than the energy level resolution for our experiments. This technique can be 
used calculate the confined energy levels for any shape of well. Also, by 
changing the initial conditions, the upper energy levels can be calculated, for 
example for the n = 2 level, by assuming dW/dz = 1 and W = 0 at z = 0. The 
accuracy of this shooting method was tested by comparing the results obtained 
for an undiffused square well, with the simple numerical solution to the 
Schrodinger equation, for a square well (82) and good agreement was 
discovered.
The graph of the calculated photoluminescence energy for the n = 1 
electron to heavy hole transition versus diffusion length for the InGaAs/GaAs
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Figttre 3.3 The dependence of the calculated photoluminescence transition 
energy with diffusion length for various InxGaj.^As single quantum wells in 
GaAs barriers.
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Figure 3.4 The calculated photoluminescence transition energy for an 
In^Ga^xAs/GaAs single quantum replotted as percentage shift towards 
the GaAs band edge,
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is shown in figure 3.3 for a number of well widths and indium concentrations. 
These graphs are replotted, figure 3.4, as a percentage shift from the initial, 
square well, transition energy towards the barrier material band edge. It can 
be seen from this that the three curves for the 100Â well width, with different 
initial indium concentrations all coincide. From this it can be concluded that 
variations in the measured indium concentration in different wafers does not 
lead to errors in the measured diffusion coefficient, provided that the width 
of the wells are grown accurately. Small variations in the absolute value of 
indium concentration have often been noted during MBE growth. However, 
the width of the well can be very accurately controlled since the growth rate 
is measured in-situ used RHEED oscillations (83). These variations in the initial 
photoluminescence peak position between different wafers does not produce 
significant errors in the measured diffusion lengths.
The reason the curves coincide is due to simple scaling arguments '
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Chapter 4 
Results.
In this chapter the results of experiments on the thermal interdiffusion 
in both InGaAs/GaAs and GaAs/AlGaAs single quantum wells are given. 
Photoluminescence was used to monitor the n = 1 electron to heavy hole 
transition and the results modelled by assuming that Pick's second law was 
obeyed. Repetitive annealing and photoluminescence measurements were 
completed on a single sample, so that the intermixing may be followed as a 
function of anneal time. The effects of doping with beryllium and silicon in 
InGaAs/GaAs and silicon in GaAs/AlGaAs were studied and the effects of 
implantation on both systems were investigated.
4.1 Validity of model.
The photoluminescence spectra for undoped 100Â In^gGao^As/GaAs 
(annealed at 950°C) and GaAs /  Alo^ Gag^ gAs (annealed at 1050°C) single 
quantum wells for various times are shown in figures 4.1 and 4.2 respectively. 
In both cases it can be seen that the peak moves to higher energies with 
increasing anneal time and the full width at half maximum (FWHM) also 
increased. However, the integrated intensity under the peak remains constant 
within experimental error. Figure 4.3 shows a graph of the square of the 
diffusion length, against anneal time for an undoped 100Â
Ino jGao^As/GaAs single quantum well annealed at 900°C, 950°C, 1000°C and 
1050°C. For all temperatures the data points lie on straight lines which pass
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Figure 4.1 The photoluminescence spectra for an undoped 100Â
Irio^ GaQLsAs/ GaAs single quantum well annealed at 950°C for various times.
63
—  As grown 1 = 1
—  Annealed 1025‘'C/10sec I = 0.98
— - Annealed 1025°C/60sec I = 0.84
—  Annealed 1025°C/185sec I = 0.70
.5
I
1.5 1.55 1.6
Energy (eV) 1.65 1.7
Figure 4.2 The photoluminescence spectra for an undoped 100Â 
GaAs/Alo^Gag^As single quantum well annealed at 1050°C for various times.
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Figure 4.3 The variation of with anneal time for a 100Â 
InogGag^As/ GaAs single quantum well at a number of different 
temperatures.
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through the origin. This shows that Pick's law is obeyed, also, the diffusion 
coefficient, D, is a constant with increasing anneal time; this can be directly 
determined from the gradient of the lines. Similar result were found for the 
undoped GaAs/Alo^GaogAs, which are shown in Figure 4.4.
The evolution of the well shaped with anneal time was also investigated 
by studying the transition between the upper quantised energy levels in the 
well. The n = 2, election to heavy holes transition for a number of samples 
were measured using a reflection technique by our collaborators in 
Montpellier, France. Two of the spectra obtained are shown in figure 4.5 for 
a sample both before and after annealing at 1000°C. The diffusion length 
obtained from photoluminescence measurements, n = 1 electron to heavy hole 
transition and the value determined from the n = 2 electron to heavy hole 
transitions measured from the reflection technique were found to be in good 
agreement. This further indicates that the assumed well shape (error function) 
after diffusion is correct.
4.2 Effect of doping on the interdiffusion coefficient
All the samples in this study were grown at the DRA (Malvern) with 
dopants being incorporated uniformly from 5000Â below the well up to the 
surface. For the lower doped samples the temperature of the dopant cell in the 
MBE reactor was determined from calibration samples grown to produce the 
desired electron concentrations in GaAs. For the higher doped samples the 
calibration curves were extrapolated to determine the cell temperature
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Figure 4.4 The variation of with anneal time for a 100Â 
GaAs/AlggGag^As single quantum well at a number of different anneal 
temperatures.
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Figure 4.5 Reflection spectra of a sample before and after annealing at 
1000°C. The n = 1 and n = 2 electron to heavy holes transitions are marked.
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required. After growth the doping concentrations of the wafers were measured 
using an electro-chemical CV Polaron profiler. The profiles for the silicon 
doped, 5 X 10*’’ cm"^  and 10*® cm ®, nominally doped GaAs/AlGaAs SQW 
structure are shown in figure 4.6. The measured profiles show flat doping at 
5x10*’’ cm ® and 10*® cm ® for the two samples, as expected, with the variations 
in the measured doping concentration at 1400Â below the surface, 
approximately the position of the quantum well. These fluctuation in the 
carrier concentiations are thought to be due to band bending due to 
redistribution of the carriers to equalise the Fermi level in the barriers and 
well, rather than due to any change in silicon incorporation.
4.2.1 InGaAs/GaAs
The high temperature results in this section were obtained by my 
colleague Dr W. P. Gillin (84). However the results for the low temperature, 
furnace anneals at 750°C and 825°C are added in order to extend the range of 
temperatures for the Arrhenius plot (85). Three silicon doped samples with n- 
type doping densities of 10*^  cm ®, 10*® cm ® and 10*^  cm ® and three samples 
with beryllium concentrations of 10*’’ cm ®, 10*® cm ® and 2.5 x 10*^  cm’® were 
grown. The doping concentrations of the wafers were measured using 
electrochemical CV measurements on a Polaron profiler. The measured profiles 
were found to be flat and all doping levels were found to be correct except for 
the nominally 10*^  cm ® silicon doped layer where the measured carrier 
concentration was approximately 6 x 10*® cm ®.
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Figuie 4.6 Carrier concentration profiles for the silicon doped 5 x 10" cm^ 
and 10'® nominally doped GaAs/AlGaAs single quantum well structure.
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Table 4.1 shows the effect of doping concentration on the 
photoluminescence peak FWHM. These were found to stay approximately the 
same after annealing as was the integrated intensity of the luminescence 
signal, in the case of the undoped samples.
Table 4.1. The effect of doping on the FWHM of the photoluminescence signal.
Doping Concentration cm'^ FWHM
Undoped 5 meV
10'^ Si -  20 meV
10*® Si ~ 50 meV
10*^  Si ~ 100 meV
10*^  Be ~ 16 meV
10*® Be ~ 27 meV
2.5 X 10*^  Be ~ 55 meV
Figure 4.7 shows the a graph of versus anneal time for the 10'^ cm'^ 
doped sample at a range of temperatures. As in the case of the undoped 
sample the results lie on straight lines, showing that the diffusion coefficient 
determined from the gradient does not vary with time. The results for the 
various doping densities and anneal temperatures are summarised in table 4.2. 
It can be seen that neither silicon or beryllium doping affected the measured 
diffusion coefficient by more than a factor of three which is within the 
variations found in this study between nominally identical wafers. These 
results are plotted against 1/T, with temperature in kelvin, in figure 4.8, for 
the samples doped with silicon and beryllium. A least squares square fit to the 
average of this data was drawn, from the gradient of this line an activation
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Figure 4.7 The variation of with anneal time for a 100Â
Irig gGag gAs/ GaAs single quantum well, doped to 10^  ^cm  ^silicon.
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Figure 4.8 Arrhenius plot for ail the doped Ing^Gao^As/GaAs samples. An 
activation energy for the interdiffusion process is calculated as 3.47 ± 0.3 eV.
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energy for the mixing process was calculated. These were found to be 3.47 ± 
0.3 eV. Also an 3.7 eV line is drawn which is the value calculated from the 
interdiffusion data of the implanted samples in section 4.3.1.
The photoluminescence spectra for the 10^ ® cm'^ silicon doped, sample 
before and after annealing at 1050®C for several different anneal times are 
shown in figure 4.9. After annealing the luminescence from the well 
disappears and was replaced by deep level luminescence. Following annealing 
for 75 seconds, two separate peaks can be resolved. The peak at about 1.2 eV 
has been attributed to a donor - gallium vacancy complex (86), while the peak 
at 1 eV has been attributed to a doubly ionised anti-site donor As^^(Ga) (87). 
A weak peak at 1.44 eV could also be resolved, this may be related to the 
GaAs band edge or it could be due to luminescence from the quantum well 
region. If this signal indeed was due to luminescence from the quantum well 
it corresponds to a diffusion length of approximately 160Â, which corresponds 
to an order of magnitude increase in diffusion coefficient over the undoped 
control. This material was also annealed at 750®C, similar results were obtained 
but the intensities of deep level emissions were found to be two orders of 
magnitude down on the unannealed material.
4.2.2 GaAs/AlGaAs.
Two silicon doped GaAs/Alg^gGag^As samples were grown with n-type 
doping densities of 5 x 10^  ^ and 10^ ®, an undoped control sample was also 
grown at DRA (Malvern). Table 4.3 shows the effect of doping concentration
75
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Figure 4.9 The photoluminescence spectra for 10*’ cm"® silicon doped 
samples before and after annealing at 1050°C for several different anneal 
times.
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on the photoluminescence peak FWHM. These were found to stay 
approximately the same after annealing, as was the integrated intensity of the 
luminescence signal, as in the case of the undoped and doped InGaAs/GaAs 
samples.
Table 4.3. The effect of doping on the FWHM of the photoluminescence signal.
Doping Concentration FWHM
Undoped ~ 8 meV
5 X 10'^ Si/cm® -  46 meV
10'® Si/cm® -  63 meV
Figures 4.10 and 4.11 shows plot of versus anneal time for the 
undoped sample and the sample doped with 10^ ® cm ® silicon respectively; 
annealed at 1000°C, 1050°C and llOO^C. As in the case of the undoped sample 
the results lie on straight lines, showing that the diffusion coefficient, 
determined from the gradient, do not vary with time. All the results, for the 
various doping densities and temperatures, are summarised in table 4.4.
It can be seen that silicon doping did not affect the measured diffusion 
coefficient by more than a factor of three which is within the variations in this 
study between nominally identical wafers and the variations found for the 
InGaAs/GaAs doped samples. These values are plotted against 1 /T  in figure 
4.12. The straight lines, least squares square fits to this data, were used to 
calculated the activation energies for the mixing process. These were found to 
be 3.4 ± 0,3.
i
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Figure 4.10 The variation of with anneal time for a 100Â 
GaAs/AloiGajjAs single quantum well at a number of different 
temperatures.
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Figure 4.11 The variation of with anneal time for a 100Â 
GaAs/Al|i2Gao^As single quantum well, doped to 10" cm® silicon.
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Table 4.4 Calculated values of the diffusion coefficient for intermixing 
of GaAs /  Alg 2Gao^As at various anneal temperatures for a range silicon 
concentrations.
Doping
Concentration
cm^
Undoped
Silicon 
5 X 10'^
Silicon
1 X 10’»
Anneal
Temperature
Diffusion coefficient (cmVs) x 10'^ ®
850°C 0.148 - 0.036
1000°C 1.54 4.5 0.86
1025°C 5.125 - 4.19
1050“C 6.95 5.6 4.5
1075°C 15.7 - 15.7
1100°C 37.6 11.9 17.9
4.3 Effect of implantation.
The samples used in this section were nominally undoped single 
quantum wells in both the GaAs/AlGaAs and InGaAs/GaAs materials 
systems. The implants were made using the 500 kV accelerator at the 
University of Surrey. The implant energy was selected so that the peak of the 
implant profiles were centred in the well region.
4.3.1 InGaAs/GaAs single implants.
All samples used in this section were nominally undoped were grown 
at DRA (Malvern) as described earlier. Following growth three separate wafers
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Figure 4.12 Arrhenius plot for ali the silicon doped GaAs /  Alg^ gGao^ gAs. An 
activation energy for the interdiffusion process is calculated as 3.4 ± 0.3 eV.
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were each implanted with gallium, arsenic and kiypton. A quarter of each 
wafer were implanted with doses of 10^ ®, 10^  ^ and 10^  ^ atoms/cm^ whilst a 
fourth wafer was used as a control sample. The implant energies were 255 
keV, 260 keV and 290 keV for the three ions respectively, so that the peak of 
the implant profile was centred on the well. Figure 4.13 shows the ion profiles 
and damage distribution for the implants, calculated using SUSPRE (72).
The photoluminescence spectra for krypton and arsenic implanted 
quantum wells annealed at 950°C for various times are shown in figures 4.14 
and 4.15 respectively. No luminescence was seen for any of the samples, until 
they were annealed, due to damage in the crystal caused by the implantation 
process. When the luminescence returned it can be seen that the peak moves 
to higher energies with increasing anneal time for both samples, as in the case 
of the unimplanted samples. For the krypton implanted samples the FWHM 
was wide and the integrated intensity. I, was very low after the first anneal 
and neither improved, even for long anneal times. At higher anneal 
temperatures some partial recovery in both parameters were noted. For the 
arsenic implanted sample, however, the behaviour was different. After the first 
anneal the integrated intensity under the peak was small and FWHM large, 
but with longer anneals times both parameters improve until after 260 seconds, 
(equivalent to a diffusion length of 11ÜÂ), both were typical of those measured 
for unimplanted, unannealed samples, under similar excitation parameters. For 
samples annealed at 1100°C a FWHM as low as ~5 meV were measured. 
Similar results were obtained for samples implanted with gallium.
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Figure 4.13 Projected range profiles and the associated damage profiles for 
gallium, arsenic and krypton ions implanted to a dose of 10^  ^atoms/cm^.
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Figure 4.14 Photoluminescence spectra for arsenic implanted 100Â 
InggGaogAs/GaAs well annealed at 950°C for various times.
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Figure 4.15 Photoluminescence spectra for krypton implanted 100Â 
Irio^GaggAs/GaAs well annealed at 950“C for various times.
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Figures 4.16 - 4.19 show plots of versus anneal time for the 
unimplanted control, krypton, gallium and arsenic implanted samples 
respectively, at anneal temperatures of 900°C, 950°C, 1000°C and 1050°C. The 
results of the unimplanted samples have already been discussed in section 4.1, 
(producing straight lines that pass through the origin of the graph). For the 
krypton implanted samples, however the diffusion process can be divided into 
two regions. The first region displayed by the intercept with the y axis, at t = 
0. This was not zero as in the case of the unimplanted samples but equates to 
a diffusion length of -34Â this value being independent of the anneal 
temperature. This intercept suggests that there was a significant degree of 
intermixing during either implantation or the first anneal. After this initial 
movement, there was a second region, producing straight lines plots, from 
these diffusion coefficients, on average a factor of three times greater than that 
measured for the unimplanted control, were calculated. However these 
differences are less than that found between nominally identical samples taken 
from different wafers. The results of the anneals between 750°C and 1050°C are 
presented in table 4.5.
The results for the gallium implanted samples, figure 4.17, were very 
similar to that of the krypton implanted samples, displaying a two step 
diffusion process and the intercept for the lower temperatures being the same. 
However, for higher anneal temperatures the intercepts were slightly greater, 
equating to a diffusion length of -48Â. The measured diffusion coefficient for 
the second process was found to be almost identical to those measured for the 
unimplanted samples (see table 4.5).
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Figiire 4.16 The variation of with anneal time for a 100Â 
InggGag^As/GaAs single quantum well unimplanted control sample.
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Figure 4.17 The variation of with anneal time for a 100Â 
Inq gCag^As /  GaAs single quantum well krypton implanted sample.
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Figure 4.18 The variation of with anneal time for a 100Â 
Inq gGaq gAs/ GaAs single quantum well gallium implanted sample.
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Figure 4.19 The variation of with anneal time for a 100Â Ing^Gag^As/  GaAs single 
quantum well arsenic implanted sample for a range of temperatures between 900 and 
1050°C. The two-step difftision process can be seen at the lower anneal temperatures.
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For the arsenic implanted samples the diffusion behaviour was greatly 
modified. In this case for the lower anneal temperatures, 900°C and 950®C, the 
graph can be divided into three regions. Again the lines intercept with the y 
axis at a point equivalent to a diffusion length of 34Â, as in the case of gallium 
and krypton implants. Following this initial intermixing there was a second 
region where the diffusion coefficient were more than an order of magnitude 
greater than the control samples. At the higher anneal temperatures this fast 
diffusion process was over within the first anneal and the effect could only be 
seen in the increased intercepts with the y axis, 65Â and 78Â, for the 1000°C 
and 1050°C anneals respectively. After the wells have broadened to a diffusion 
length of approximately 85Â, the measured diffusion coefficients reduce and 
were now measured to be two and four times that of the unimplanted value. 
All diffusion coefficients for both the enhanced and steady state values are 
presented in table 4.5.
Figure 4.20 shows the results for the 825°C furnace anneal for the 
unimplanted and for the three different implanted samples. The unimplanted, 
gallium and krypton implants exhibit very similar results to the samples 
annealed at higher temperatures. However the behaviour of the arsenic 
implanted samples were quite different. It was found that the data points lay 
on a curve and do not have two distinct regions. In this case, there seems to 
be a gradual change between the two phases of the diffusion process. In fact 
this is more likely to occur than the dramatic changes as suggested in diagram 
4.19. Indeed in figure 4.19 similar effects are seen with the data points near the 
crossover point laying off the fitted lines.
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Figure 4.20 The variation of with anneal time for the Inj^Gaj^As/GaAs 
system implanted with kiypton, gallium and arsenic annealed at 850°C
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The data from table 4.4 is displayed as an Arrhenius plot in figure 4.21. 
It can be seen that all lines on the plot are parallel, with the lines for the 
unimplanted and gallium implanted samples coinciding. The activation energy 
for the interdiffusion can be measured from the gradient of the line and is 
found to be constant at 3.7 ± 0.1 eV regardless of the implanted ion even for 
the enhanced arsenic process. However, for the steady state arsenic data some 
points do not lie on one of these parallel lines. This may be due to errors 
caused by the same problem found in samples annealed at 825®C, That is the 
difficultly in defining the crossover point between the enhanced and steady 
state diffusion processes.
4.3.2 InGaAs/GaAs dual implants.
To further investigate the effect of implantation damage and effect of 
implant species on interdiffusion, dual implants of gallium and arsenic were 
performed with a total dose of 1 x 10^  ^ cm'^, with the arsenic atoms being 
implanted first. In these experiments the implanted damage profiles were 
almost identical, however, there was either an excess of group HI or group V 
or equal doses of both implanted atoms. The samples used in this study were 
grown at the University of Sheffield using MBE under nominally identical 
growth conditions to those grown at DRA (Malvern). The results of these 
experiments are shown in figure 4.22, for samples annealed at 900°C. An 
increase in the diffusion coefficient was noted for the 2.5 x 10^  ^gallium and 7.5 
X 10*^  cm"^  arsenic dual implant but the order of enhancement was a lot
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Figure 4.21 Arrehenius plot of the data of the ion implanted IUo.2Gao.8A s/GaAs wells. 
The activation energy for all the lines shown are as 3.7 ±0.1 eV. One line passes 
through the control and gallium-implanted data, a second line passes through the 
arsenic steady state and ki^ton-im planted data and the third line passes through the 
arsenic implantation enhanced data.
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Figure 4.22 versus anneal time for a lOOÂ IngzGaQ^As/ GaAs single 
quantum well after dual implants with gallium and arsenic.
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smaller since there were only 5 x 10^  ^cm"^  excess arsenic, a factor of two less 
than the single arsenic results described in the previous section. These results 
were further complicated since the unimplanted control and the 7.5 x 10^  ^
gallium and 2.5 x 10^  ^ cm'^ arsenic dual implant were performed into one 
wafer and the other two implants into a second wafer. In addition the 
diffusion coefficients in the unimplanted control sample were found to be a 
factor of three times greater than in the initial experiments using the DRA 
Malvern material.
4.3.3 GaAs/AlGaAs single and dual implants.
The effects on interdiffusion of the implantation of gallium, arsenic and 
dual implants of gallium and arsenic into GaAs /  Alo^Gag^As SWQs, to a total 
dose in each case of 10*^  atoms/cm^ are shown in figures 4.23 and 4.24 for 
samples annealed at 900°C and 950°C respectively. For all implanted samples 
similar behaviour to the that found in the InGaAs/GaAs system was noted, 
with intercepts with the y axis, t = 0, equivalent to broadening in the range of 
28Â to 32Â. Each of these are divided up into graphs (a) and (b), with the 
samples shown in figure (a) being taken from one wafer and (b) from a 
different one. The measured diffusion coefficients on each wafer are 
approximately equal but there was a factor of four difference in the measured 
diffusion coefficients between the two wafers. Moreover, the diffusion 
coefficient for the unimplanted GaAs/AlGaAs control sample at 1000°C was 
approximately 30 times greater than the control, undoped GaAs/AlGaAs 
sample in the doping study for the same anneal temperature. The samples
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Figure 4.23 The variation of with anneal time for a 100Â GaAs/Alo^GaggAs single 
quantum well after dual implants with gallium and arsenic annealed at 90(FC, with 
samples shown in figure (a) being completed on one wafer and (b) on a second 
wafer.
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Figure 4.24 The variation of with anneal time for a 100Â GaAs /  Al^ gCag gAs single 
quantum well after dual implants with gallium and arsenic annealed at 95(FC, with 
samples shown in figure (a) being completed on one wafer and (b) on a second 
wafer.
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used for the implanted study were grown in Sheffield whereas those in the 
doping study were grown at DRA Malvern. Furthermore, the samples were 
capped at different times with this cap being deposited in the same run as the 
mixed implants samples used in the InGaAs/GaAs study. Nevertheless, in this 
case also there seems to be some enhancement in interdiffusion for the arsenic 
1 X 10^  ^ cm"^  implant, as in the InGaAs/GaAs quantum wells. However it is 
not as pronounced, with the measured broadening of the well being slightly 
greater that the other implanted sample taken from the same wafers. However 
this effect could be masked, in part, by the high (factor of 30) enhancement in 
the diffusion coefficient over that of the control, undoped GaAs/AlGaAs 
sample in the doping study.
4.4 Effect of encapsulant and material growth on interdiffusion.
To clarify the apparent effect of dielectric cap and /or material growth 
on interdiffusion, it was decided to study the effect of capping in a more 
controlled manner. An uncapped piece of the 10^  ^ cm"^  silicon doped 
InGaAs/GaAs wafer grown at DRA (Malvern) was capped at the same time 
as an undoped piece of InGaAs/GaAs material from Sheffield. These are 
compared with the DRA (Malvern) doped sample with the original cap and 
a piece of the Sheffield material capped at an earlier date. It was found that 
the Sheffield samples with the two different caps and the DRA (Malvern) 
material with the new cap produced similar diffusion coefficients, these are 
approximately an order of magnitude greater than the DRA (Malvern) samples
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with the original cap, figure 4.25. The diffusion coefficient and refractive index 
of the caps are summarised in the table 4.6.
Table 4.6 The refractive index and diffusion coefficients for sample annealed 
at 1000°C.
Sample Diffusion 
Coefficient 
(x 10"^ ® cmVs)
Refractive Index 
of Cap
DRA (Malvern) (Old cap) 5.0 2.09
DRA (Malvern) (New cap) 66.7 1.91
Sheffield (Old Cap) 67.3 1.98
Sheffield (New Cap) 75.3 1.97
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Figure 4.25 versus anneal time for lno^GanjAs/GaAs system for different 
samples grown at DRA (Malvern) and the University of Sheffield, capped 
at different times.
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Chapter 5 
Discussion
In this chapter the results presented in the previous section are analysed 
and compared with the data available in the literature. Firstly the validity of 
the technique and model used is discussed. The results for the silicon and 
beryllium doping in GaAs/AlGaAs and InGaAs/GaAs single quantum wells 
are compared with those found in the literature and conclusions drawn. 
Finally the results of the implanted samples are discussed and an attempt is 
made to assign the effects noted to possible microscopic diffusion mechanisms.
5.1 Interdiffusion in undoped single quantum wells.
In this study the results are analysed assuming that the diffusion in 
heterostructure junctions obeys Fick's second law. Several authors in the 
literature (15), who used optical techniques to estimate interdiffusion 
coefficients have also modelled their results by using this method. However, 
as nearly all these studies measure the diffusion length, after a single anneal, 
these results cannot be used to investigate whether the Fick's law assumption 
is true and thus whether the measured diffusion coefficients are accurate. In 
all cases the transition energy has to move to higher energy level with the start 
position being equivalent to that of a square well and ending, for an infinite 
diffusion length, at that of the band-edge transition energy for the barrier 
material, assuming infinitely thick barriers. Thus a diffusion length can always 
be calculated using any assumption of well shape if only a single measurement
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is made. In the literature there is also some evidence that the diffusion process 
does not obey Fick's law with variations noted in diffusion coefficients with 
changes in the material composition. In the study of Chang and Koma (11) 
who measured the interdiffusion of gallium /  aluminium in the GaAs/A1 As 
system using Auger Electron Spectroscopy, the results were first modelled 
using an error function approach and were found to produce a good but not 
perfect fit. The results were then reanalysed using a Boltzmann-Matano 
method which assumes differences in diffusion coefficients with aluminium 
concentration of the alloy. This produced a better fit to the data but this is not 
surprising since a fitting parameter was employed. The best fit was found for 
a modified Arrhenius expression.
D { x , T )  = D ^ { x ) e x p - Q { x )k T (9)
where the pre-factor is given (cm^/sec) by,
D ^ ix ) = 92 e x p (-8 .2 x )  (10)
and the activation energy of the diffusion process (eV) is given by,
C)(x) = 4 .3  -  Q .7x (11)
where x is the aluminium concentration.
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Koteles et al (33) also presented results that indicate that the well, after 
annealing was not error function like in shape. Using an AlGaAs/GaAs 
coupled double quantum well structure the effect of annealing on both 
uncapped and SiOg capped samples were studied. The sample consists of two 
identical quantum wells grown with only a thin separating barrier so that the 
wavefunction of the two wells overlap, thus coupling and splitting the 
quantised energy levels; these, and the oscillator strengths of the exciton 
transitions, are very sensitive to symmetry. Thus using this structure it was 
simple to observe that the symmetry of the system was broken during 
annealing by one well diffusing faster than the other since it is slightly closer 
to the surface, thus displaying that the diffusion coefficients varied with depth 
from the surface. This also indicates that there will be some degree of 
asymmetry in each well.
Several methods have been used to measure the well shape after 
annealing. These include: AES (11), (as described above), SIMS and TEM. All 
these techniques suffer from problems which limit their resolution, as 
discussed in more detail in chapter 1. Therefore, they cannot be used to study 
the well shape in detail. In order to identify the well shape after diffusion, 
either this has to be probed more accurately or some property of the well has 
to be followed as the mixing proceeds to investigate if the results can be 
predicted using a Fick's law model for the well shape.
In this study, photoluminescence was used to monitor how the 
transition energy changes as the mixing processes proceeds and comparing this
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with calculated values assuming Fick's law. This was realised by performing 
repetitive anneals and photoluminescence measurements on a single sample.
In order to attempt these, accurate and reproducible control of anneal time and 
temperature was required. The double graphite strip annealer used in this 
study, as described in section 2.4, was found to give sufficient control of both 
parameters. Due to the low thermal mass of this furnace design, the rise and 
fall times between 700“C and 1000°C are short, 3 and 5 seconds respectively, 
allowing short accurate anneals to be made. However for the shortest anneals 
used (10 seconds) some effectif the ramp phases were evident. Moreover, the 
furnace was regularly calibrated against the melting point of gold and silver 
and was always found to be within ±5°C. In these experiments a full series of 
repetitive anneals and photoluminescence measurements were performed 
without the temperature of the furnace being reset, until a complete set of data 
was collected, thus minimising any error in temperature measurements.
Figure 4.3 shows a graph of the diffusion length squared, 1 ^ ,  against
anneal time for an undoped 100Â Irio^Gao^As/GaAs single quantum well
annealed at 900°C, 950°C lOOO^ C and 1050°C. For all temperatures the data
points lie on straight lines which pass through the origin. These results
indicate that interdiffusion is governed by Fick's law with a constant diffusion
coefficient D, which can be determined from the gradient of these lines. Also
these results show that the interdiffusion was independent of the indium
concentration. Similar result are found for the undoped GaAs /  Alg gGag^As,
which are shown in Figure 4.4.
In previous experiments, it was found that the measured photoluminescence 
peak shift for a sample annealed at 1000”C for fifty seconds was only three 
meV less that for a sample consecutively annealed five times in ten seconds 
steps.
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It might be argued that the results discussed above do not absolutely 
prove that the model for the well shape used is the only unique solution that 
would produce a straight line fit to the experimental data. However the author 
believes that the model based on Fick's second law is correct, since the 
diffusion length obtained from photoluminescence measurements and the 
value determined from the upper levels, (measured using a reflection 
technique) were found to in good agreement. Two of the spectra obtained are 
shown in figure 4.5 for a sample recorded before and after annealing at 
1000°C. For the annealed sample a diffusion length of 83Â was calculated from 
the n = 1 transition, for this Lg the n = 2 transition energy calculated from the 
Fick's law model is 1.454 eV, this compares with 1.453 eV as measured from 
the reflection measurements.
5.2 The ejffects of silicon and beryllium doping on interdiffusion.
In this work, the dopants beryllium and silicon were introduced into 
InGaAs/GaAs and silicon into GaAs/AlGaAs single quantum wells during 
growth to a number of different doping densities. Figure 4.7 shows the a graph 
of versus anneal time for the 10*^  cm'^ InGaAs/GaAs doped samples at a 
range of temperatures. As in the case for the undoped samples, for all anneal 
temperatures, the data points lie on straight lines. However, these lines do not 
pass through the origin. These results show as in the case of undoped samples 
that interdiffusion is governed by Fick's law with a constant diffusion 
coefficient D, which can be determined from the gradient of these lines. Similar 
results have been found for silicon doping of 10*^ , 10*® and 5 x 10*^ , 10*® cm"®
107
in InGaAs/GaAs and GaAs/AlGaAs systems respectively, also 10*^ , 10*® and
2.5 X 10*^  beryllium doping for the InGaAs/GaAs systems. The results of all 
these experiments are summarised in tables 4.2 and 4.4 for the InGaAs/GaAs 
and GaAs/AlGaAs systems respectively. It can be seen from these tables that 
measured diffusion coefficients from different wafers vary by less than a factor 
of three at any temperature. This variation is less than that found between 
nominally identical samples taken from different wafers and annealed under 
identical conditions. From the results of Mei et al (22) differences in the 
diffusion coefficients of at least two orders of magnitude were observed 
between the undoped and the 10*® silicon doped samples. This is obviously 
much greater than the differences noted in this study. Our results would 
indicate that beryllium upto 2.5 x 10*^  cm ® and silicon doping up to 10*® cm*® 
does not effect interdiffusion on the group III sublattice in GaAs based 
heterojunctions and thus suggest that the results of Mei et al are in error
Tan and Gôsele (18) by reanalysing the data from the experiments of 
Mei (22) and results from other authors, as described earlier, have derived an 
activation energy of 6eV. Using Mei's data they have also suggested that the 
diffusion is controlled by a triple negatively charged Ga vacancies under both 
intrinsic and n doped conditions. They presented a model, for the silicon 
enhanced disordering, proposing that the change in the Fermi level due to the 
presence of the dopants increases the point defect level concentration, which 
then enhances the diffusion. Using Mei's data. Tan and Gôsele showed that the 
Vjii was triply charged which gave the third power dependence of diffusion 
coefficient with electron concentration. Unfortunately for this model the
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following year Mei et al (36) published the results of intermixing in tellurium 
doped superlattices. This data showed that tellurium also enhances the 
diffusion coefficient but in this case a first-order increase in diffusion 
coefficient with electron concentration was observed. Moreover, figure 5.1 
shows a calculation of the Fermi level position Alg gCa^ jgAs / GaAs system as a 
function of temperature for a number of silicon (n-type) impurities 
concentrations, calculated using a simple model based on Fermi-Dirac 
statistics. It can be seen that for the range of temperatures used in this study 
for a doping concentration of 10*® cm ® the Fermi level is considerably above 
its intrinsic levels. Thus an enhancement in the diffusion coefficient would be 
expected to occur if the model of Tan and Gôsele is accurate. The results 
presented in section 4.2 show that the presence of 10*^  and 10*® Si/cm® is 
InGaAs/GaAs and 5x10*^ and 10*® Si/cm® in GaAs/AlGaAs has no effect on 
the observed diffusion coefficient, at least within the differences found in 
nominally identical wafers. This is considerably less than the factor of about 
100 found by Mei in AlGaAs/GaAs. Both these sets of results suggest that the 
Fermi-level model based on V‘®ni is wrong.
These result are also displayed as Arrhenius plots in figures 4.8 and 4.12 
for the InGaAs/GaAs and GaAs/AlGaAs respectively. For the GaAs/AlGaAs 
quantum wells it was found that least square fits for the undoped and samples 
doped with 10*® cm® produce parallel lines, this result means that the 
activation energy, 3.4 eV, for the diffusion process is the same for both 
samples. In the InGaAs system there is some scatter on the data but a line was 
fitted to the average to all data from all the doped samples, both silicon and
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Figure 5.1 A calculation of the Fermi level position versus temperature for 
Alo^Gag^As/GaAs system for a number of silicon (n-type) impurity 
concentrations.
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beryllium. An activation energy of 3.47 eV was calculated for this case. These 
measured activation energies will be compared with whose obtained in the ion 
implanted samples in section 5.3.1 and their significance then discussed in 
more detail.
For the InGaAs/GaAs wafer doped nominally with 10^  ^ atom/cm® 
silicon free carrier concentration of 6 x 10^ ® cm® was actually measured. 
However, the difference may be due to several reasons. Greiner and Gibbons 
(44) in their work on diffusion of silicon in GaAs, assumed that at veiy high 
silicon concentrations (about 10^ Si/cm®) silicon was almost completely self- 
compensating through the formation of Si^^  acceptors. While possible this 
should be treated with care as there are other effects which should be 
considered. For example it has so far proved impossible to dope GaAs n-type 
to greater than 2 x 10*^  cm ® through any method. This includes the use of 
dopants such as sulphur, selenium and tellurium which are not amphoteric 
and therefore cannot self-compensate. Mooney (88) has proposed that this limit 
to the achievable electron concentration may be due to the Fermi level 
becoming resonant with DX-centres. In this work they showed that as the 
free-electron density was raised in silicon-doped GaAs the Fermi energy and 
the energy of the DX level became resonant at a carrier concentration of about 
2 X 10*^  cm ®. From deep-level transient spectroscopy (DLTS) measurements 
they found that the occupancy of the DX level was also increased and thus if 
Ndx ^ (Nd - Na), this would be the maximum possible electron concentration 
attainable in GaAs. This does not of course indicate that silicon does not have 
an amphoteric behaviour and indeed implantation studies have shown that it
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has (89). However, it does show that the silicon in the 10®® cm ® samples does 
not have to be completely compensated and the differences between the 
atomic and electrical profiles can be explained by effects such as carrier 
trapping by DX-centres, or to silicon atoms sitting interstitially and thus not 
contributing to the electrical properties of the material.
The photoluminescence spectra for the samples doped nominally with 
10^  ^ atom/cm® silicon before and after annealing at 1050°C for various times 
are shown is figure 4.9. After annealing the luminescence for the well 
disappears and was replaced by deep level luminescence. Following annealing 
for 75 seconds, two separate peaks can be resolved. The peak at about 1.2 eV 
has been attributed to a donor - gallium vacancy complex (86), while the peak 
at 1 eV has been attributed to a doubly ionised anti-site donor As*^(Ga) (87). 
This material was also annealed at 750°C, similar results were obtained but the 
intensities of deep level emissions are found to be two orders of magnitude 
down on the unannealed material.
The presence of the deep levels would indicate that the material was of 
poor optical quality. However, this can be improved with annealing, 
particularly at high temperatures. Due to the presence of the doubled ionised 
anti-site and donor-gallium vacancy complexes, it is suggested that this 
materials degradation may be due to the silicon atoms being amphoteric, 
moving off the gallium lattice sites and onto either arsenic or interstitial sites. 
This process creates gallium vacancies that can be coupled to the silicon atoms 
to produce the 1.2 eV deep level transition, while the interstitial arsenic atoms
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may move onto gallium sites (gallium vacancies) to produce the 1 eV centre. 
The presence of both these deep level luminescence centres suggest that group 
in  vacancies have been created. These emission are not seen in any of the 
samples with lower carrier concentrations.
A weak peak at 1.44 eV can also be resolved after annealing at 1050°C 
for 75 seconds, this may be related to the GaAs band edge or it could be due 
to luminescence from the quantum well region. If this signal was due to 
luminescence from the quantum well it corresponds to a diffusion length of 
approximately 160Â, which is an order of magnitude increase in diffusion 
coefficient over the undoped control. These results do not show conclusively 
whether the interdiffusion is enhanced or not in this highly doped structure. 
It is not clear whether the weak 1.44 eV signal is due to the well region or not. 
However if interdiffusion behaviour is indeed greatly modified, it is believed 
that excess group III vacancies, believed to be present, enhances the 
interdiffusion on the group III sublattice. Many other authors have found that 
high concentration of silicon, incorporated in quantum well structures during 
growth, such as Kawabe et al (39) for samples doped with 6-7 x 10'® cm® 
silicon, enhances the measured diffusion coefficients. Reynolds (90), also 
found that a silicon doping density of 4 x 10'® cm"® caused enhanced 
intermixing while levels less than 10'® cm ® had no effect on the diffusion 
coefficients.
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5.3 Effect of ion implantation on interdiffusion.
The use of ion implantation and annealing of quantum well samples has 
looked attractive to device designers, as it opens the possibility of changing the 
material characteristics, refractive index, conductivity and transport properties 
of selected areas by use of ion implantation to enhance the mixing. However, 
as discussed already in chapter 1, not much quantitative work has been 
completed, particularly the effects of the implant damage and the role of the 
ion species has never being separated. In this study it has been possible to 
separate these effects by use of a method of repetitive annealing and 
photoluminescence measurements and therefore, it was possible to study any 
changes in the diffusion coefficients with anneal time.
5.3.1 InGaAs/GaAs single implants.
Three separate wafers of In^gGaggAs/ GaAs single quantum wells were 
each implanted with gallium, arsenic and krypton, a quarter of each wafer to 
doses of 10'®, 10'  ^ and 10'® atoms/cm® whilst a fourth wafer was used as a 
control sample. The implant energies were 255 keV, 260 keV and 290 keV for 
the three ions respectively, so as to centre the peak of the implants profile in 
the well region. Figure 4.13 shows the ion profiles and damage distribution for 
the 10'® atom/cm® implants calculated using SUSPRE (72). Note that the 
damage profiles are all approximately the same for the three implants.
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Figures 4.16 - 4.19 show plots of L^ ® versus anneal time for the 
unimplanted control, gallium, krypton and arsenic, 10'® atoms/cm® implanted 
samples respectively, at anneal temperatures 900°C, 950®C, 1000°C and 1050°C. 
As discussed earlier the unimplanted control produced straight lines that pass 
through the origin, showing that the diffusion proceeded at a constant rate, D, 
as determined from the gradient of the line. The diffusion coefficients obtained 
are displayed in table 4.5 for a temperature range, 750°C to 1050°C. For the 
kiypton implanted samples, the diffusion processes are quite different with the 
graph being divided into two distinct regions. The first region being displayed 
by an intercept with the y axis, at t = 0. This is not zero, as in the case of the 
unimplanted samples, but equates to a diffusion length of -34Â this value 
being independent of the anneal temperature. The intercept with the y axis 
suggests that there was a significant degree of intermixing during either 
implantation or the first anneal. Using an approximation the ion implantation 
cascade mixing may be estimated. The diffusion coefficient for the cascade 
mixing, has been determined as (91),
= — v l ^  ( 1 2 )
where v is the mean the displacement frequency in a cascade and 1 is the mean 
distance a cascade particle moves. As a first approximation, v can be 
calculated from a Kinchin-Pease (92) formulation and 1 assumed to be the 
interatomic spacing of the crystal. This gives
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where Ej is the displacement energy, E is the primary ion energy and N is the 
density of the target. Using this simple model the estimated profile caused by 
the cascade mixing is shown in figure 5.2, this is equivalent to a broadening 
of only 1-2Â. This is compared to the profile for a 34 Â diffusion length which 
was actually measured. As the samples did not luminescence until they were 
annealed, due to presence of the ion implantation damage, it is impossible to 
directly measure the degree of interdiffusion after implantation alone. Thus it 
is suggested that the differences in the measured initial intermixing and that 
of the cascade model may be due to a radiation enhanced mixing process 
during the implantation or a very short enhanced region of rapid 
interdiffusion of the interstitials created by the implant.
After this initial stage, the diffusion process was found to behave in a 
similar way to the unimplanted control with all the data points lying on 
straight lines at a given temperature. However, the diffusion coefficients 
measured from the gradient of these lines was on average a factor of three 
times greater than that measured for the unimplanted control. Again this is 
less than differences found between nominally identical samples taken from 
different wafers. The results for anneals between 750°C and 1050°C are 
presented in table 4.5. This variation in diffusion coefficient from wafer to 
wafer is discussed in light of results presented later in this chapter.
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Figure 5.2 A comparison of the broadening of the estimated from a simple 
model of the cascade mixing 1-2 Â with the profile for the y-axis intercept 
value, 34Â.
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The results for the gallium implanted samples, figure 4.18, are very 
similar to that of the krypton implanted sample, displaying a two step 
diffusion process, the intercept for the lower temperatures being the same. 
However, at higher temperatures the intercepts are slightly greater, equating 
to a diffusion length of ~48Â. These differences are more likely to be due to 
variations in the initial transition energies of the well across the wafer rather 
than any real effects, or alternatively due to the ramp phases affecting the 
measured diffusion coefficient for the higher temperature, short anneal time 
(10 seconds), duty cycles. The measured diffusion coefficients of the second, 
steady state process are found to be almost identical to those measured for the 
unimplanted samples (table 4.5).
For the arsenic implanted samples a three stage diffusion process was 
noted for the lower anneal temperatures 900°C and 950°C. Again there was an 
intercept with the y axis equivalent to a diffusion length of 34Â, as in the case 
of the gallium and krypton implants. Following this initial intermixing there 
was a second region where the diffusion coefficient was approximately thirty 
times greater than those measured for the control samples. The samples 
annealed at temperature above 1000°C also show this effect. However, this fast 
diffusion was over within the first anneal so the effect is only noted by an 
increased intercept on the y axis, 67Â and 84Â for annealing at 1000°C and 
1050°C respectively. It is suggested that the ion implanted arsenic atoms 
congregate to produce extra plains of GaAs like material, this proposition is 
supported by evidence of dislocation loops in the well region which are
observed in TEhf^pictures of this material even after the shortest anneals.
 ^ Â  Reference 97
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These loops should be a sink for gallium atoms and thus are a source of group 
in vacancies which are believed to enhance the interdiffusion coefficients.
After the wells have broadened to a diffusion length of approximately 
85Â, the diffusion coefficients were reduced. The diffusion coefficient in this 
regime was measured to be two to four times that of the unimplanted value. 
All diffusion coefficients for both the enhanced and the steady state values are 
presented in table 4.5. The differences in the measured steady state diffusion 
coefficient and those measured for the control samples are within the 
variations seen from wafer to wafer. Figure 4.20 shows the results for the 
825°C furnace anneal for unimplanted and for the three different implanted 
samples. The unimplanted, gallium and krypton implants exhibited very 
similar results to the samples annealed at higher temperatures. However the 
behaviour of the arsenic implanted sample was quite different. It was found 
that the data points lie on a curve and did not have two distinct regions which 
can be fitted with straight lines, which can be attributed to an enhanced and 
steady state processes. In this case there seems to be a gradual change between 
the two phases of the diffusion process. The loops noted in the explanation 
above, unlike a free surface, are only a limited source of group III vacancies, 
thus during annealing the excess vacancies diffuse away from the implant 
region producing a gradual change between the two diffusion phases as seen 
in figure 4.20. This suggests that there are some excess group m  vacancies 
even after long anneals and the "steady state" diffusion coefficient only 
asymptotically approaches the intrinsic value.
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Further evidence for this theory was shown from the photoluminescence 
spectra of the arsenic implanted quantum wells. Figure 4.15 shows the spectra 
for the samples annealed at 950°C for various times. No luminescence was 
seen until the sample was annealed, due to damage in the crystal caused by 
the implantation process. However, after the first anneal the integrated 
intensity under the peak was small and FWHM large, but with longer anneals 
both parameters improve, until after 260 seconds, both are typical of those 
measured for unimplanted, unannealed samples, under similar excitation 
parameters. This suggests that the material quality improves during annealing 
as the radiative centres are removed. Similar results of PL intensity were 
obtained for samples implanted with gallium and dislocation loops were also 
found in these samples. However, no effect on diffusion on the group HI 
sublattice was found for this implant.
Figure 4.14 shows the spectra obtained for the krypton implanted 
material annealed at 950°C for various times, this displays very different 
behaviour to that of the arsenic or gallium implanted samples. Again following 
implantation no luminescence was observed. However anneal times 2-3 longer 
than required for the arsenic implant to produce an observable 
photoluminescence signal were needed following krypton implantation. The 
resulting luminescence remained very weak throughout the experiment, except 
at the highest anneal temperatures where some partial recovery was noted. 
This difference in the recovery of luminescence is thought to occur since 
krypton atoms are very large compared to the lattice spacing and so remain
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on interstitial lattice sites, unlike that lattice constituents implants, thus provide 
competing nonradiative recombination centres.
The data from table 4.4 is displayed as an Arrhenius plot in figure 4.21. 
It can be seen that all lines on the plot are parallel, with the lines for the 
unimplanted and gallium implanted samples coinciding. The activation energy 
for the interdiffusion can be measured from the gradient of the line and found 
to be constant at 3.7 ± 0.1 eV regardless of the implanted ion, even for the 
enhanced arsenic process. This 3.7 eV line is also drawn on figure 4.12 for the 
doped samples in the InGaAs/GaAs system. It can be seen that this line lies 
within the scatter for this data, however a least squares fit to the average of 
this data produces an activation energy of 3.47 eV. It is believed the same 
process is controlling the diffusion in all cases, with an activation of 3.7 ± 0.1 
eV.
5.3.2 InGaAs/GaAs dual implants.
To further investigate the proposed model, dual implants of gallium 
and arsenic were performed with a total dose of 1 x 10^  ^cm'^, with the arsenic 
atoms being implanted first. In these experiments the implanted damage 
profiles were almost identical, however in the three implanted samples there 
was either extra group III atoms, equal numbers of both or an excess of group 
V atoms. The results of these experiments, are shown in figure 4.22, for a set 
of samples annealed at 900°C, These results are complicated because the 
unimplanted control and the 5 x 10^  ^ cm'^ gallium and 5 x 10^  ^ cm’^  arsenic
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dual implant were performed into one wafer and the other two implants into 
a second wafer. For samples taken from the same wafer similar steady state 
diffusion coefficients were measured. However, there was approximately a 
factor of three differences in diffusion coefficients for the samples taken from 
the two different wafers used. As in the single implants there was an intercept 
with the y axis, again thought to be due the implant damage. It can also be 
seen from this graph that there was an additional enhancement for the 2.5 x 
10'^ gallium and 7.5 x 10^  ^cm'^ arsenic dual implant that was not seen for any 
other of the implanted samples. The order of this enhancement was smaller 
than that for the single 1 x 10^ ® cm'^ arsenic implant. These results are 
consistent with the model proposed. When the excess implant species is 
arsenic the loops would be sinks of group III atoms and thus should be a 
source of group HI vacancies, which will enhance the interdiffusion 
coefficients. The enhancement in the case of the 2.5 x 10'^ cm"^  gallium and 7.5 
X 10^  ^ cm'^ arsenic dual implant could be smaller than for the single arsenic 
implant since there is only 5 x 10^  ^cm'^ excess arsenic, a factor of two less than 
for the single arsenic implant. If the doses of arsenic and gallium are the same 
or if there is an excess of gallium atoms similar loops are formed, but these 
should not effect the diffusion on the group HI sublattice.
5.3.3 GaAs/AlGaAs single and dual implants.
Similar results of the effect on interdiffusion of implantation of gallium, 
arsenic and dual implants of gallium and arsenic to a total dose in each case 
of 1 X 10^  ^cm"^ , into GaAs/AlGaAs were found. These results are presented
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in figures 4.23 and 4.24 for samples annealed at 900®C and 950°C respectively. 
For all the implanted samples there was an intercept with the y axis at t = 0, 
equivalent to broadening in the range of 28Â to 32Â. Each of these figures are 
divided up into graphs (a) and (b), with the samples shown in figure (a) being 
taken from on one wafer and (b) from a different one. The measured diffusion 
coefficients on each wafer were approximately equal but there was a factor of 
four difference in the measured diffusion coefficients between the two wafers. 
Moreover the control sample diffusion coefficient at 1000°C is approximately 
30 times greater than the control, undoped GaAs/AlGaAs sample used in the 
doping study for the same anneal temperature. The samples used in this work 
were grown at the University of Sheffield, whereas the doping samples were 
grown at DRA (Malvern). Moreover, the samples were capped at different 
times. Nevertheless, in this case there seems to be some enhancement in 
interdiffusion for the arsenic 1 x 10^  ^ cm'^ implant, as in the InGaAs/GaAs 
quantum wells, but it is not as pronounced. The measured broadening being 
only slightly greater than that of the other implanted samples taken from the 
same wafer. This effect could be masked in part by the high (factor of 30) 
enhancement in the intrinsic diffusion coefficients. These results can be 
explained once again by the model proposed in the previous section.
5.4 Effect of capping/material on interdiffusion.
It was not clear if the differences between the doping DRA (Malvern) 
and the implantation (Sheffield) samples were due to some difference in the 
material or in the encapsulants. In an attempt to quantify this an uncapped
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piece of the doping 10^  ^cm'^ silicon doped InGaAs/GaAs wafer grown at DRA 
(Malvern) was capped at the same time as an undoped piece of InGaAs/GaAs 
material from Sheffield. These are compared with the DRA (Malvern) doped 
sample with the original cap and a piece of the Sheffield material capped at 
an earlier date. It was found that the Sheffield samples with the two different 
caps and the DRA (Malvern) with the new cap produced similar diffusion 
coefficients. These are more than an order of magnitude greater than the DRA 
(Malvern) samples with the original cap, figure 4.25. From the diffusion 
coefficient and refractive index of the caps summarised in the table 4.5, it can 
be seen that there is some correlation between the enhancement of the 
diffusion coefficient and refractive index of the capping material. Caps with 
refractive index less that 2, producing an enhancement in the diffusion 
coefficient of upto 25 times. The science of PECVD Si^N  ^growth (93) is known 
to be very complicated with the possibility of incorporation of large 
percentages of hydrogen in the film grown by this method. It would seem that 
the simple criteria for using refractive index of above 1.9 after Kuzakara et al 
(26) is not sufficient and needs more investigation.
The variation between nominally identical wafers was originally thought 
to be due to small variations in the point defect concentrations in the wafers 
and thus the number of "grown-in" group III vacancies. However this would 
appear not to be true. Figure 5.3 shows an Arrhenius plot for the interdiffusion 
in lug^gGao ggAs/Inoj^GaQjgAsgjPqj strained quantum wells, completed by our 
group (94), using the same method as used through-out this study, on two 
differently doped substrates. The sample was designed so that there was no
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Figure 5.3 Arrhenius plot for the interdiffusion of In  ^ggCag ggAs / In^ Asg;,Poj 
strained quantum wells annealed at temperature between 600 and 950°C. The 
activation energy above 650°C was measure to be 3.7 eV. However below 650°C an 
activation energy of 1.7 eV was measured.
125
concentration gradient on the group III sublattice so that the diffusion was 
measured on the group V sublattice only. It was found that for temperatures 
between 950°C and 650°C the diffusion was controlled by a process with an 
activation energy 3.7eV, the same activation energy found in InGaAs/GaAs 
system, for group III diffusion. This suggests that both are controlled by 
similar processes. However, for the experiments in the quaternary material it 
was found that at temperatures below 650°C there was a second process with 
an activation energy of about 1.7 eV. It is suggested that 3.7 eV process is due 
to thermally created group V vacancies, whereas the 1.7 eV is due to grown-in 
concentration of vacancies which exceed the thermally created value at these 
low temperatures. If the activation energy measured at high temperatures is 
due to thermally created vacancies, then this will consist of a creation term for 
vacancies and a term for diffusion of these vacancies. For the low temperature 
the activation energy is the energy for the vacancy diffusion only. From this 
the activation energy for vacancy created is determined as approximately 2.0 
eV. This value is consistent with the values for the formation of group V 
vacancies in InP and InAs calculated by Van Vechten (95). Thus differences in 
the diffusion coefficients in nominally identical wafers would seem not to be 
due to differences in grown in group III vacancies but due to small changes 
in the chemistry of the semiconductor /  dielectric interface which can change 
the concentration of vacancies in the material.
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Chapter 6 
Conclusions and Further Work
This thesis presents the results of a study of the effect of silicon and 
beryllium doping and ion implantation on the interdiffusion of 
Ino^Gao.8As/GaAs and GaAs /  Alg gGag^As 100Â single quantum wells. A 
method of repetitive annealing and photoluminescence measurement was used 
so that it was possible to follow the diffusion as a function of anneal time. 
Using this technique it was shown that the diffusion can be described by Pick's 
second law. Moreover, using this model agreement was found between 
diffusion lengths measured using photoluminescence and those calculated 
from the upper n = 2 transition energies measured using a reflection 
technique.
Using this repetitive measuring technique, it was possible to 
deconvolute the effects of ion implantation damage from the intrinsic diffusion 
processes and to study how diffusion proceeds with time. It has been shown 
that neither gallium nor krypton implantation has any effect on the 
interdiffusion of Ino^Ga^gAS/ GaAs and GaAs /  Alg^Gag^As single quantum 
wells, other than the initial intermixing caused by the implantation damage. 
This intermixing, which is observed after a single anneal, could be mistaken 
for a modification of the diffusion coefficient, as see in many gallium implant 
studies (53). The initial interdiffusion is found to be independent of anneal 
temperature. In the lug^Gao gAs / GaAs system following arsenic implantation 
an additional enhanced region of interdiffusion coefficient was observed with
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the diffusion coefficient measured being an order of magnitude greater than 
that of the control unimplanted sample. This enhancement is thought to be 
due to the creation of group HI vacancies by the arsenic atoms moving onto 
group V sites. This fast process was transient in nature returning to that of the 
unimplanted samples after the well has broadened by about 85Â. A study of 
dual implants of arsenic and gallium has also been completed, these results are 
consistent with the theory given above; with an enhanced region noted if the 
arsenic implant dose is higher that the gallium dose. Also no effect was noted 
if equal doses or excess gallium was implanted. Similar results have been 
found for the GaAs/Alo^GaggAs system however the enhancement following 
arsenic implantation was not as prominent.
It has also been shown that silicon doping up to 10*® cm'® in both 
material systems and beryllium concentration up to 2.5 x 10*® cm'® in the 
In^ j^ Gag gAs/ GaAs system has no effect on the interdiffusion coefficients. It was 
also shown that doping at an active carrier concentration of 6 x 10*® cm ® 
causes serious degradation of the luminescence from InGaAs/GaAs quantum 
well material even after annealing at 750°C for 15 seconds. This degradation 
is believed to be linked to enhanced interdiffusion in this sample. Moveover 
data in the literature suggests that in Al^Ga^^^As/GaAs quantum wells for 
these doping levels do result in enhanced interdiffusion. It is suggested that 
the possible enhanced interdiffusion seen at very high silicon doping levels is 
possible due to the silicon atoms moving off gallium sites onto either arsenic 
or interstitial sites thus creating gallium vacancies which are believed to
enhance interdiffusion.
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The activation energy for the diffusion process of 3.7 ± 0.1 eV was 
measured over a temperature range of 1050-750°C in the In^ gGa  ^g As /  GaAs 
system. This was found to be independent of dopant incorporated or 
implanted ion species, indicating that the same process controls the 
interdiffusion in all cases, even in the arsenic implanted enhanced diffusion 
region. Similar results were found for the GaAs /  Alg gGag^As system with an 
activation energy of 3.4 ± 0.3 eV measured over a more limited temperature 
range. It is believed that the diffusion in both systems is controlled by the 
group III vacancies and the diffusion can only be enhanced by injection of 
excess vacancies either by implantation of a group V ion such as arsenic, or 
controlling the chemistry at the semiconductor/capping interface.
These results suggest that several experiments could be performed to 
further clarify the processes involved in the intermbcing of heterostructures. 
Firstly, the temperature range over which the interdiffusion coefficients are 
measured for the GaAs/ Alg^GaggAs quantum well should be increased, so that 
the activation energy may be more accuracy determined. As noted in the 
discussion, the lUg^gGag^gAs/In  ^g^GagAsgjPg g strained quantum weUs, with 
diffusion being measured on the group V sublattice only, an activation energy 
3.7eV was measured, for temperatures between 950°C and 650®C. This is same 
activation energy found in InGaAs/GaAs system, for group HI diffusion. This 
suggests that both are controlled by the same process. However, for the 
experiments in the quaternary material it was found that at temperatures 
below 650°C there was a second process with an activation energy of about 1.7 
eV which is attributed to grown in defects. If this theory is correct tliis effect
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should also be seen in both In^ gGa^^As /  GaAs and GaAs/Alg^Gag^As systems 
if the anneal temperature is reduced until the number of thermally vacancies 
is less than the concentration of grown in defects. Much work, however, must 
be completed to investigate the effects of the capping layers on the 
interdiffusion. In this study it has been shown that caps grown at different 
times produced differences in measured diffusion coefficients up to a factor of 
30. Further study of the effects of oxygen incorporated in the plasma grown, 
SiOjjNy, dielectric encapsulant used in these experiments, is required. The 
effects of the surface chemistry, the cleaning cycle before the cap is deposited 
and how the epitaxial growth is terminated needs further investigation.
The interdiffusion on the group V sublattice in the GaAs based 
quantum well materials such as GaAsSb/GaAs system should be studied so 
that a direct comparison can be made with the InP based quaternary, 
lUg g^Gag^gAs/  Ing^ gGag^ ggAsgj^ Pgj, material system. Implants of group V atoms 
should be made into these structures to study if they enhance the 
interdiffusion coefficients in a similar way that the arsenic implants affects the 
diffusion on the group III sublattice.
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